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ANNOTAT I O N  

The e l e c t r i c i t y  of t h e  clouds s u b s t a n t i a l l y  a f f e c t s  t h e i r  evolut ion,  

p a r t i c u l a r l y  t h e  development of thunderstorms and t h e  formation of  prec ip i -  

t a t i o n .  The p r o b a b i l i t y  of l i g h t n i n g  h i t t i n g  a i r c r a f t  and t h e  r e l i a b i l i t y  of  

t h e  a i r c r a f t ' s  r a d i o  communication and navigat ion devices  are c l o s e l y  connected 

wi th  t h e  e l e c t r i c i t y  of t h e  clouds. 

phere,  as compared wi th  t h e  L i l l i p u t i a n  s c a l e  of t h e  l a b o r a t o r i e s ,  our  i d e a s  

developed indoors of  what i s  p o s s i b l e  and what i s n ' t  begin t o  l o s e  sense.  

case of b a l l  l i g h t n i n g  can be c i t e d  as an example. 

I n  t h e  Brobdingnagian scale of t h e  atmos- 

The 

A t  the  s a m e  t i m e ,  meteorologis ts  know very l i t t l e  about t h e  e l e c t r i c a l  

p r o p e r t i e s  of t h e  clouds,  t h e i r  ' 'electrical na ture ,"  e s p e c i a l l y  modem i d e a s  

and d a t a  t h a t  are n o t  y e t  published i n  t h e  widely spread l i t e r a t u r e .  

The booklet  " E l e c t r i c i t y  of t h e  Clouds" i s  an at tempt  t o  compile complete 

d a t a  on clouds e lectr ical  c h a r a c t e r i s t i c s  and t o  o u t l i n e  modem knowledge on 

t h e  electrical  p r o p e r t i e s  of clouds,  t o  descr ibe  the  processes  which l e a d  t o  

t h e i r  e l e c t r i f i c a t i o n ,  methods devised by man t o  change t h e  clouds e lectr ical  

p r o p e r t i e s  and t o  evaluate t h e  inf luence  of cloud e lec t r ica l  p r o p e r t i e s  on t h e i r  

development 

The book i s  designed f o r  metero logis t s  and o t h e r  s p e c i a l i s t s  who are 

i n t e r e s t e d  i n  atmospheric e l e c t r i c i t y .  
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INTRODUCTION 

The dependence of mankind on t h e  weather,  cont ra ry  t o  popular opinion,  - / 3* 
increases  wi th  t h e  development of technology and indus t ry .  The cave man w a s  

a b l e  t o  l ive  even without  a l i g h t n i n g  rod. The man of t h e  n ine teenth  century 

who e r e c t e d  a l i g h t n i n g  rod on h i s  house d i d  n o t  have even a remote i d e a  of 

t h e  d i f f i c u l t i e s  which a r i s e  i n  t h e  twent ie th  century,  i n  p r o t e c t i n g  e l e c t r i c a l  

t ransmission l i n e s  , extending f o r  many thousands of ki lometers  , from thunder- 

storms. Even a t  t h e  beginning of t h e  present  century,  t h e r e  w a s  no reason t o  

worry about t h e  magnitude and n a t u r e  of atmospheric rad io  noise .  

'' :I 

The development of a new technique f requent ly  s t i m u l a t e s  i n t e r e s t  i n  

those p r o p e r t i e s  of t h e  atmosphere whose e x i s t e n c e  w a s  no t  even suspected. 

Thus, i t  has  become necessary t o  be i n t e r e s t e d  i n  t h e  e l e c t r i c a l  conduct ivi ty  

of t h e  atmosphere and atmospherics. 

There has been a considerable  expansion of the c h a r a c t e r i s t i c s  of t h e  

atmosphere which meteorology must consider ,  monitor,  measure, inc lude  i n  

handbooks, d i scuss  i n  monographs and use i n  weather f o r e c a s t i n g ,  which encom- 

passes  a cons tan t ly  expanding range of elements. The s u b j e c t  of t h e  present  

volume - e l e c t r i c i t y  of clouds - is  one of t h e s e  "new" areas .  

Unfortunately,  meteorology l i k e  any sc ience  responds with a considerable  

delay t o  t h e  many ques t ions  t h a t  are posed. The e f f o r t  t o  relate a l l  elemen- 

t a r y  forces  t o  e lectr ical  i n t e r a c t i o n ,  c h a r a c t e r i s t i c  o f  t h e  p a s t  century,  

l e d  t o  the  development of ideas regarding t h e  d e c i s i v e  importance of e l e c t r i c i t y  

i n  clouds o r  t h e  development of t h e  l a t t e r  - s p e c u l a t i v e  ideas  i n  view of t h e  

s c a r c i t y  of t h e  p o s i t i v e  d a t a  then a v a i l a b l e .  

t r i c a l  in toxica t ion"  t h a t  e l e c t r i c a l  forces  could 
_- _ _ -  . - . . . * 

Numbers i n  t h e  margin i n d i c a t e  t h e  pagina t ion  

When i t  became c l e a r  a f t e r  "elec- 

n o t  expla in  a l l  processes t h a t  

i n  t h e  o r i g i n a l  f o r e i m  text. 
. .  . .  
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took p lace  i n  clouds,  during t h e  course of t h e  "sobering up process" a c t u a l l y  

e x i s t i n g  i n t e r a c t i o n s  between electrical  and meteorological  processes  were 

discovered. 

from t h i s  extreme as w e l l .  

Papers w r i t t e n  i n  recent  years  have made i t  p o s s i b l e  t o  ge t  away 

Studies  of cloud e l e c t r i c i t y ,  conducted a t  a considerably a c c e l e r a t e d  

rate,  are s t imula ted  a t  

posed both  by meteoro logis t s  and by r e p r e s e n t a t i v e s  of o t h e r  s p e c i a l t i e s .  

i s  poss ib le  t o  formulate f o u r  groups of such problems ( t h i s  arrangement is 

s t i l l  condi t iona l )  : 

t h e  present  t i m e  by a number of problems which a r e  - I 4  
It 

1. Problems d i r e c t l y  r e l a t e d  t o  the  s tudy  of atmospheric e l e c t r i c i t y .  

These inc lude  problems such as t h e  explanat ion of mechanisms of p a r t i c l e  

e l e c t r i f i c a t i o n  i n  clouds and the  e l e c t r i f i c a t i o n  of clouds as a whole, and 

an explanat ion of t h e  r o l e  of clouds i n  t h e  formation of l o c a l  and g loba l  e lec-  

t r i c a l  c h a r a c t e r i s t i c s  of the atmosphere. The f i r s t  problem i s  a l s o  important 

f o r  general  physics.  The second problem is  s t i l l  only one of t h e  i n t e r n a l  pro- 

blems of atmospheric e l e c t r i c i t y .  It i s  of p a r t i c u l a r  s i g n i f i c a n c e  i n  conjunc- 

t i o n  wi th  work performed under t h e  program of t h e  a tmospher ic -e lec t r ic i ty  

decade C1751. 

2. Problems r e l a t e d  t o  t h e  s tudy of cloud physics ,  t h e  s tudy of t h e  

p o s s i b i l i t y  of a c t i v e l y  inf luenc ing  processes  i n  t h e  clouds. These problems 

inc lude  a c l a r i f i c a t i o n  of t h e  problems of how and t o  what e x t e n t  micro- and 

macro-processses i n  the  clouds a f f e c t  t h e  e lectr ical  condi t ion of t h e  l a t te r ,  

and a determination of t h e  r o l e  of e l e c t r i c a l  f o r c e s  i n  the development and 

breakup of clouds ( f o r  example, [ 4 4 ,  4 9 ,  1231) .  

Modern i n v e s t i g a t o r s  know t h a t  as clouds develop - although t h e  under- 

s tanding  of cloud development s t i l l  h a s  not  gone beyond t h e  area of d e t e c t i o n  

i n  t h e  measurement region - t h e  e l e c t r i c a l  f i e l d s  and t h e  charges i n  them 

increase .  This  c o r r e l a t i o n  w a s  de tec ted  recent ly  i n  an e f f o r t  t o  l i n k  t h e  - I 5  

2 



"'f ScAcAsCs Ns /'Cb (thunderstorm) ./ Cb (pre-thunderstorm) / Cb cong + Cb 

I IO io2 io3  IO^^^^^^^ to! '"*ud ' " ' l ' (J  ' 1 ' 1 1 1 1 1 '  ' I- 

Figure 1. Rela t ionship  between the average 
p o t e n t i a l  g rad ien t  of t h e  e l e c t r i c a l  f i e l d  of 
t h e  atmosphere /E/ and t h e  average radar  r e f l e c -  
t i v i t y  Z i n  clouds of d i f f e r e n t  types.  The 
s m a i l  c ircle (0) represents  t h e  
value of t h e  r e f l e c t i v i t y  i n  C s ,  converted t o  
t h e  water  content  w i t h  cons idera t ion  of t h e  f a c t  
t h a t  t h e  d i e l e c t r i c  constant  of i c e  a t  t h e  mea-  
surement frequency is approximately' f i v e  t i m e s  
less than the  permeabi l i ty  of water. 

average f i e l d  i n t e n s i t y  [E]  i n  clouds of d i f f e r e n t  types with t h e  average 

radar r e f l e c t i o n  i n  them. Figure 1, p l o t t e d  according t o  d a t a  on clouds ob- 

served i n  t h e  zone extending from 50 t o  60" N ,  shows t h a t  t h e r e  i s  a r e l a t i o n -  

s h i p  between l o g  z and l o g  /E/ which i s  n e a r l y  l i n e a r  [ 2 9 ] .  

t h a t  t h e  forms of clouds on t h i s  graph are arranged i n  "natural"  order .  

w e r e  placed t h i s  way by an a e r o l o g i s t  who decided t o  arrange t h e  var ious  

clouds on a scale i n d i c a t i n g  t h e  comparative "degree of development" of clouds 

from one type t o  another.  This  sequence can b e  explained only by t h e  fact  

t h a t  t h e  growth of a cloud e lectr ical  f i e l d  accompanies an i n c r e a s e  i n  t h e  

number of p a r t i c l e s  and t h e i r  s i z e ,  o r  by t h e  f a c t  t h a t  t h e  e lectr ical  charac- 

terist ics of clouds p lay  an important r o l e  i n  t h e  change of concentrat ion and 

It is curious 

They 
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t h e  s i z e  of p a r t i c l e s .  I f  the f i r s t  explana t ion  is c o r r e c t ,  the d a t a  on 

electrical characteristics of clouds may b e  va luable  t o  meteoro logis t  only as 

a m e a n s  of determining the state of clouds [39, 831. I f  t h e  second explana- 

t i o n  is c o r r e c t ,  the s tudy of the electrical  c h a r a c t e r i s t i c s  of clouds i s  

unnecessary even f o r  an understanding of t h e  physics  of their  development 

( f o r  example, C441). 

3. Problems whose s o l u t i o n  s t i m u l a t e s  the development of o t h e r  sc iences .  

A b a s i c  change i n  t h e  scale o f  t h e  processes  i n  n a t u r e ,  i n  comparison t o  

those i n  t h e  labora tory ,  may l e a d  t o  d e t e c t i o n  of new p h y s i c a l  processes  a n d  

r e l a t i o n s h i p s .  P o s s i b l e  examples t h a t  could b e  c i t e d  are t h e  g i g a n t i c  

e l e c t r o d e l e s s  spark discharge,  l i g h t n i n g ,  and t h e  mysterious b a l l  l i g h t n i n g  

4.  Problems whose s o l u t i o n  promotes t e c h n i c a l  progress .  These inc lude  

problems of s t a t i c  e l e c t r i c i t y  on a i r c r a f t  and prevent ion of a i r c r a f t  e n t e r i n g  

thunderstorm zones, and problems connected wi th  t h e  i n f l u e n c e  o f  e l e c t r i c a l  

c h a r a c t e r i s t i c s  of  research  probes on t h e  r e s u l t s  of cloud c h a r a c t e r i s t i c  

measurements, etc. 

The need t o  so lve  t h e s e  problems i n c r e a s e s  each y e a r .  Thus, f o r  example, 

t h e  rap id  i n c r e a s e  of a i r c r a f t  speed, expansion of t h e  number of a i r c r a f t  i n  

the  world and t h e  need t o  f l y  under a l l  meteorological  condi t ions  m a k e  i t  very 

important t o  s o l v e  problems o f  s t a t i c  e l e c t r i f i c a t i o n  o f  a i r c r a f t  [ Z ]  i n  order  

t o  i n c r e a s e  f l i g h t  s a f e t y .  Information on p o s s i b l e  damage t o  an a i r c r a f t  by 

l i g h t n i n g  must a l s o  be improved f o r  t h e  same purpose. 

Without dwelling on o t h e r  problems ( inc luding  those such as a c l a r i f i -  

c a t i o n  of t h e  r e l a t i o n s h i p  between t h e  cloud condi t ion  and t h e i r  shortwave 

and longwave r a d i o  emission [ 1 4 5 ,  1741, whose s o l u t i o n  i s  very u s e f u l  i n  the  

development o f  s a t e l l i t e  meteorology), w e  w i l l  merely note  t h a t  t h e  s o l u t i o n s  

of a l l  of these  problems a r e  l a r g e l y  i n t e r r e l a t e d  and a r e  based on measure- 

ments of t h e  macro- and micro-e lec t r ica l  c h a r a c t e r i s t i c s  of clouds and on 

concepts regarding elementary mechanisms o f  charging and i n t e r a c t i o n  o f  cloud 

p a r t i c l e s .  

4 



.. .. .. . . .. . . . - ---- 

I 

I 

I 
1 

Regardless of the importance of s tudying electrical  characteristics of 

clouds,  u n t i l  r e c e n t l y  t h e r e  w e r e  no r e l i a b l e  d a t a  whatsoever on the electrical  

s t r u c t u r e  of clouds and t h e i r  e lectr ical  c h a r a c t e r i s t i c s .  

f o r  example, t h a t  even t h e  fundamental work of Wilson 11701 and Frenkel '  [9] 

i n  t h e  f i e l d  of e lectr ical  c h a r a c t e r i s t i c s  of clouds w e r e  based on h ighly  

a r b i t r a r y  assumptions regard ing  t h e  s t r e n g t h  of e l e c t r i c a l  f i e l d s  i n  c louds,  

charges i n  them, etc. Even now, t h e  conduct iv i ty  va lues  t h a t  exis t  i n  

thunderstorm clouds,  f o r  example,  employed by var ious  au thors ,  d i f f e r  by 

s e v e r a l  o rders  of magnitude [5,  1161, whi le  t h e  s t r e n g t h s  and charges of 

t h e  f i e l d s  i n  them d i f f e r  by an order  of magnitude [51, 116, 1401. 

1 
1 S u f f i c e  i t  t o  say,  i 
1 
il 
! r 

The concept of " e l e c t r i c a l  c h a r a c t e r i s t i c s  of a cloud" inc ludes  t h e  dens i ty  

of t h e  e l e c t r i c a l  space charge,  t h e  p o t e n t i a l  g rad ien t  ( s t rength)  of t h e  elec- 

t r i c a l  f i e l d ,  t h e  e lectr ical  conduct ivi ty  of t h e  air  i n  t h e  cloud and i n  i t s  

v i c i n i t y ,  t h e  s p e c t r a l  d e n s i t y  of t h e  e l e c t r i c  charges on t h e  cloud and preci-  

p i t a t i o n  p a r t i c l e s ,  t h e  s p e c t r a l  dens i ty  of t h e  ions  i n  t h e  cloud a i r ,  and t h e  

dens i ty  of t h e  e l e c t r i c a l  c u r r e n t  running through t h e  cloud and n e a r  i t .  Some 

of t h e s e  c h a r a c t e r i s t i c s  a r e  b a s i c ;  o t h e r s  are a r b i t r a r y .  Thus, on t h e  b a s i s  

of t h e  d i s t r i b u t i o n  of t h e  p o t e n t i a l  g rad ien t  of t h e  e l e c t r i c a l  f i e l d  i n  t h e  

cloud and i t s  v i c i n i t y ,  w e  can determine how t h e  dens i ty  of t h e  space charge 

i s  d i s t r i b u t e d  ( t h e  f i r s t  value i s  more e a s i l y  measured). On t h e  b a s i s  of t h e  

d i s t r i b u t i o n  of t h e  p o t e n t i a l  g rad ien t ,  t h e  e l e c t r i c a l  conduct ivi ty  of t h e  

a i r ,  and t h e  f i e l d  of a i r  movement v e l o c i t i e s ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  

t h e  d i s t r i b u t i o n  of t h e  t o t a l  e l e c t r i c a l  cur ren t  d e n s i t y  of t h e  atmosphere. 

Unfortunately,  w e  a r e  only a t  the  beginning of t h e  road, as  f a r  as understanding 

cloud e l e c t r i c i t y  i s  concerned. 

Only r e c e n t l y ,  by means of d i r e c t  measurement i n  c louds,  w a s  i t  p o s s i b l e  

t o  o b t a i n  an i d e a  of how t h e  e l e c t r i c a l  f i e l d s  i n  them a r e  d i s t r i b u t e d ,  t o  

p a r t l y  systematize these  da ta ,  and a l s o  t o  o b t a i n  some new information regard- 

i n g  t h e  d i s t r i b u t i o n  of charges on cloud p a r t i c l e s  and t h e  p r e c i p i t a t i o n  par- 

t ic les ,  as w e l l  as t h e  e lectr ical  conduct ivi ty  of t h e  air w i t h i n  t h e  clouds.  

5 



Calcula t ions  of the p r o p e r t i e s  of clouds on t h e  b a s i s  of d a t a  from ground 

measurements have not  l e d  (and - as has now become clear - could n o t  have 

l e d )  t o  c o r r e c t  r e s u l t s .  It is  s t i l l  impossible t o  f o r e c a s t  e lectr ical  

characteristics, s i n c e  w e  l a c k  s u f f i c i e n t l y  complete d a t a  regard ing  t h e  physi- 

cal processes  of charging of i n d i v i d u a l  cloud p a r t i c l e s  and t h e  e n t i r e  cloud 

as a whole. 

t h e o r e t i c a l  and experimental  s t u d i e s  of t h e  i n t e r a c t i o n  of cloud p a r t i c l e s .  

S tudies  of t h e  elementary mechanisms of p a r t i c l e  charging are much fewer, b u t  

are s t i l l  going forward. 

I n  recent  y e a r s ,  a considerable  s t e p  forward has  been made i n  

The d a t a  which have been obtained are concentrated p r i m a r i l y  i n  art icles 

which d e a l  wi th  c e r t a i n  d e t a i l s ,  and t h e r e f o r e  only s p e c i a l i s t s  read them. 

The present  booklet  i s  designed t o  serve as an a i d  i n  breaching t h e  gap be- 

tween t h e  concepts of narrow s p e c i a l i s t s  regarding atmospheric e l e c t r i c i t y  

and t h e  concepts of s p e c i a l i s t s  i n  o t h e r ,  admit tedly r e l a t e d  a r e a s  regarding 

cloud e l e c t r i c i t y .  

s c i e n c e ,  bu t  i t  is  p a r t i c u l a r l y  s e r i o u s  when t h e  i n t e r a c t i o n  of t h e  sc iences  

- l e t  us say, of atmospheric e l e c t r i c i t y  and cloud physics  o r  atmospheric 

e l e c t r i c i t y  and e lec t rochemis t ry ,  etc. - is  requi red  f o r  s o l v i n g  t h e  b a s i c  

problems mentioned i n  t h e  in t roduct ion .  

Such a gap unavoidably develops i n  t h e  development of any 

W e  w i l l  begin w i t h  a p r e s e n t a t i o n  of t h e  a c t u a l  material which we have 

a v a i l a b l e  regarding cloud e l e c t r i c i t y .  The s i g n i f i c a n c e  of t h i s  material f o r  

t h e  s o l u t i o n  of t h e  d i v e r s e  problems mentioned above w i l l  become clear as t h e  

d a t a  are presented i n  t h e  following chapters .  
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CHAPTER I 

ELECTRICAL CHARACTERISTICS O F  CLOUDS 

5 1. E l e c t r i c i t y  i n  S t r a t i f o r m  Clouds 

The most ex tens ive  s t u d i e s  of  t h e  electrical  s t r u c t u r e  o f  s t r a t i f o r m  

clouds have been performed i n  t h e  USSR. 

regarding t h e  vertical  component of t h e  p o t e n t i a l  g rad ien t  E of t h e  e lectr ical  

f i e l d  of t h e  atmosphere i n  clouds have been c o l l e c t e d  during v e r t i c a l  soundings 

of t h e  atmosphere. 

c a l l y  f o r  a l a y e r  100 m t h i c k .  

rises t o  make t h e  sounding, wi th  t h e  average h o r i z o n t a l  v e l o c i t y  of t h e  air- 

c r a f t  being approximately 50-60 m / s e c  and t h e  vertical  rate of climb be ing  

4-5 m / s e c .  Hence, when averaging t h e  f i e l d  over  100 m along t h e  vertical ,  

t h e r e  i s  simultaneous averaging along t h e  h o r i z o n t a l  f o r  a pa th  about 3 - 4 km 

long, with t h e  average along t h e  h o r i z o n t a l  i n c r e a s i n g  w i t h  a l t i t u d e ,  s i n c e  

t h e  rate of climb decreases  a t  high a l t i t u d e s .  

The overwhelming majori ty  of d a t a  

The r e s u l t s  of measurements of E have been averaged verti- 

The a i r c r a f t  u s u a l l y  travels i n  a s p i r a l  as it 

A t  t h e  present  t i m e ,  i t  has  become p o s s i b l e  t o  genera l ize  these  d a t a  [ 4 5 ] .  

It has been found t h a t  t h e  combination of absolu te  va lues  of /E/ i n  t h e  clouds 

may be approximated s a t i s f a c t o r i l y  by a l o g a r i t h m i c a l l y  normal d i s t r i b u t i o n  

(Figure 1.1).  

var ious clouds (Table 1.1). 

The parameters of t h i s  d i s t r i b u t i o n  are q u i t e  d i f f e r e n t  f o r  

I n  Table 1.1, on Graph N o .  1, w e  have presented t h e  r e s u l t s  of measure- 

ments made i n  t h e  v i c i n i t y  of Leningrad, i n  NO. 2 i n  t h e  Kiev a r e a ,  

7 



Figure 1.1. 
t i a l  grad ien t  of electrical  f i e l d  i n  Ac,  As, Ns, and Cb 
clouds,  represented  on a logari thmic-probabi l i ty  gr id .  

D i s t r i b u t i o n  of absolu te  va lues  of the poten- 

No. 3 i n  t h e  v i c i n i t y  of Tashkent. The values  /E/  shown h e r e  and i n  

Table 1.1 represent  a c a l c u l a t e d  value of /E/ which i s  encountered wi th  a pro- 

b a b i l i t y  of less than 0.1%. 

S t  and Sc clouds are approximately 2-3*103 
3 3 As, approximately 20.10 V/m; Ns, approximately 40-10 V/m; Cb, approximately 

3 280.10 V/m. 

max 

The a c t u a l l y  recorded l i m i t i n g  values  of /E/ i n  
3 V/m; A c ,  approximately 5.10 V/m; 
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TABLE 1.1. CHARACTERISTICS OF THE DISTRIBZPTION O F  THE 

ELECTRIC FIELD STRENGTHS I N  VARIOUS CLOUDS 

Sl 150 
100 sc  

Ac GO 
AS 130 
Ns 250 

of 

extremal va lues  are e s p e c i a l l y  high 2 7 
1.7 6 i n  clouds which produce p r e c i p i t a t i o n .  /9 2 5  10.5 
-7 11.5 
10 1 1  The values  of /E/max i n  A s  and N s  i n  

TABLE 1.2. DISTRIBUTION CHARAC- A s  w e  can see from Table 1.1, 

TERISTICS /E/*, AVERAGED OVER THE t h e  average values  of /E/  i n  clouds 

ENTIRE CLOUD i n  t h e  i n d i c a t e d  measurement a reas  

a r e  r e l a t i v e l y  similar, and t h e r e  i s  

a somewhat g r e a t e r  d i f f e r e n c e  i n  t h e  

d ispers ion ,  while  t h e  extremal va lues  

cloud- m e  d of /E/  a r e  s t i l l  more d i f f e r e n t .  The 

c__-__ . . _ _ _  -. 

I 

It is  important t o  n o t e  t h a t  the  average p o t e n t i a l  g r a d i e n t s  i n  ind iv i -  

dua l  clouds may d i f f e r  considerably from those presented i n  Table 1.1. I n  - / 10 
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Table 1.2, w e  have l i s t e d  the d i s t r i b u t i o n  parameters of /Eav/* - the poten- 

t i a l  grad ien t  of  t h e  electrical  f i e l d ,  averaged over  the e n t i r e  cloud - f o r  

clouds of d i f f e r e n t  types  on the basis of measurement d a t a  c o l l e c t e d  i n  t h e  

v i c i n i t y  of Leningrad. In o t h e r  words, t h i s  table shows how much one cloud 

can d i f f e r  from another  on the average. 

1.2, we  can conclude that t h e  d i s t r i b u t i o n s  of t h e  va lues  of /E/* averaged 

over  t h e  e n t i r e  cloud and t h e  d i s t r i b u t i o n s  of /E/ averaged over  100 m e t e r -  

l a y e r s  do n o t  d i f f e r  markedly from one another.  

d i s t r i b u t i o n s  is  l inked  either t o  t h e  random n a t u r e  o f  t h e  s e l e c t i o n  and t h e  

r e l a t i v e l y  s m a l l  s i z e  of the cloud volume t h a t  w a s  sounded, o r  t o  t h e  f a c t  

t h a t  t h e  d i s t r i b u t i o n s  t h a t  w e r e  obtained (Tables 1.1 and 1.2) c h a r a c t e r i z e  

e s s e n t i a l l y  t h e  d i f f e r e n c e  between t h e  electrical  state of one cloud and t h a t  

of another  ( i n  one t h e r e  are s t r o n g  electrical  f i e l d s ,  w h i l e  those  i n  t h e  

o t h e r  are weak). 

and very s m a l l  va lues  of /E/  i s  i n d i c a t e d  by t h e  curve showing t h e  d i s t r i b u -  

t i o n  of t h e  electrical  inhomogeneity i n  t h e  clouds (see Figure 1.5) , about 

which we s h a l l  speak la ter .  On the b a s i s  of t h e  experiment, w e  can s ta te  t h a t  

0 f o r  t h e  d i s t r i b u t i o n  of / E /  wi th in  one cloud may be considerably less than t 

average given i n  Tables  1.1 and 1.2,  and amount t o  1.5-2 dB, b u t  i n  some 

clouds ( e s p e c i a l l y  r a i n  clouds) i t  may b e  of t h e  same o r d e r  as i n  Tables 1.1 

and 1.2, and even h igher .  

From a comparison of Tables  1.1 and 

The s i m i l a r i t y  of  t h e  two 

Within one cloud, t h e  p r o b a b i l i t y  of  f i n d i n g  both  very l a r g e  

L e t  US n o t e  some of the genera l  f e a t u r e s  of e lectr ical  

c h a r a c t e r i s t i c s  of t h e s e  types of  clouds.  The e lectr ical  a c t i v i t y  of t h e  

n e  

/ 11 - 

clouds,  charac te r ized  i n  our case by t h e  average absolu te  va lues  of t h e  e lectr ic  

f i e l d  s t r e n g t h  i n  them, i n c r e a s e s  from one type of cloud t o  t h e  next  i n  

approximately t h e  fol lowing order :  S t ,  Sc, Ac,  As, N s ,  Cb. 

As a rule, t h e  electrical  a c t i v i t y  of t h e  cloud (Figure 1.2)  i n c r e a s e s  

with increas ing  cloud thickness (d) and the extrema1 values  of t h e  p o t e n t i a l  

g rad ien ts  of t h e  f i e l d s  i n  t h e  clouds i n c r e a s e  p a r t i c u l a r l y  markedly. This  

is worthy of a t t e n t i o n .  The dependence of t h e  cloud e l e c t r i c a l  a c t i v i t y  on 

th ickness  shows up much more c l e a r l y  i n  southern l a t i t u d e s  than i n  nor thern  
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4000 

ones [31. The electrical  - 112 
a c t i v i t y  of  clouds i n c r e a s e s  

on t h e  average from nor thern  

l a t i t u d e s  toward southern ones. 

This may b e  r e l a t e d  t o  a 

change i n  t h e  microphysical 

c h a r a c t e r i s t i c s  of t h e  clouds 

- 
Figure 1.2. AveLage (/E/av- curve No.  1) 

and maximum (/E/" - curve N o .  2 )  

p o t e n t i a l  g rad ien t  of e l e c t r i c a l  f i e l d  as a 
func t ion  of t h e  th ickness  (d) o f  t h e  c l o u d ,  

with l a t i t u d e .  The e lectr ical  

c h a r a c t e r i s t i c s  of clouds 

change from w i n t e r  t o  summer, 

as has  a l ready  been pointed 

out  i n  [3 ] .  Usually,  i n  

win ter  t h e  average and m a x i m u m  

values  of t h e  p o t e n t i a l  gra- 

d i e n t  of e l e c t r i c a l  f i e l d s  E 

as w e l l  a s  t h e  d i f f e r e n c e s  i n  

p o t e n t i a l s  a t  t h e  cloud boun- 

d a r i e s  are less than i n  summer. 

On t h e  b a s i s  of measurements 

of E ,  i t  has  been p o s s i b l e  t o  

determine t h e  t y p i  c a l  vert i cal 

e l e c t r i c a l  s t r u c t u r e s  of clouds. 

For purposes of c l a s s i f i c a t i o n  

by type,  and a l s o  i n  o r d e r  t o  

compare t h e  e l e c t r i c a l  s t r u c -  

t u r e s ,  t h e  d i s t r i b u t i o n  curves 

wi th  a l t i t u d e  f o r  t h e  value of 

E i n  clouds have been calcu- 

l a t e d  f o r  relative a l t i t u d e s  

D/DO,  where D is t h e  cloud 0 
thickness .  R a i n  clouds are 

divided i n t o  p a r t s  which are 

loca ted  above the level of t h e  

zero isotherm and below i t .  
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Figure 1.3 .  T h e  p o t e n t i a l  g rad ien t  of e lec t r ica l  
f i e l d  E as a func t ion  of reduced a l t i t u d e  DID 
i n  s t ra tocumulus clouds w i t h  a s p e c i f i c  type of 
e lectr ical  s t r u c t u r e  and i n  the absence of 
clouds of o t h e r  types (Leningrad, 1958-1959). 

0 

Polar ized  clouds: a - p o s i t i v e l y  (72 c a s e s ) ;  
b - negat ive ly  (20 cases); 

Charged clouds: c - p o s i t i v e l y  (38 cases) ; 
d - negat ive ly  (10 cases). 

In  Figure 1 . 3 ,  as an example, w e  have p l o t t e d  f o u r  c h a r a c t e r i s t i c  elec- 

t r i ca l  s t r u c t u r e s  which are encountered i n  warm stratus clouds a t  middle 

l a t i t u d e s  [3] .  There are p o s i t i v e l y  polar ized  clouds (2) which have a p o s i t i v e  

charge i n  t h e  upper p a r t  and a negat ive  charge i n  t h e  lower p a r t ,  nega t ive ly  

polar ized  clouds (+) whose charges are arranged i n  t h e  oppos i te  fash ion ,  and 

s i n g l y  charged clouds [both p o s i t i v e l y  (+) and negat ive ly  ( - ) ] .  Clouds of 

l i m i t e d  thickness  a r e  usua l ly  s i n g l y  charged. As a r u l e ,  t h i c k  clouds are /13 
multicharged. This s ta tement  is i l l u s t r a t e d  i n  Table 1 . 3 .  However, a s i m i l a r  
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TABLE 1.3. AVERAGE THICKNESS (m) OF CLOUDS OF DIFFERENT 

TYPES FOR VARIOUS ELECTRICAL STRUCTURES, LENINGRAD, 1958-1959 

st 
SC 
As 
Ns 

Doubly 
Mult i-char ged 

200 200 450 4.50 700 
260 250 400 450 7OfJ 
650 700 800 9(J0 1500 
650 700 950 1600 2000 

type of  s t r u c t u r e  has  been obtained f o r  clouds of o t h e r  types.  It i s  important 

t h a t  many of t h e s e  s t r u c t u r e s  cannot be explained by viewing the clouds as 

pass ive  r e s i s t a n c e s  included i n  t h e  e l e c t r i c a l  c i r c u i t  of t h e  ionosphere and 

t h e  ground. I n  a l l  p r o b a b i l i t y ,  many clouds (even those  without p r e c i p i t a t i o n )  

a c t  as e l e c t r i c i t y  generators .  A similar c h a r a c t e r i s t i c  of t h i c k  fogs has  been 

determined earlier i n  [ 69, 1181. 

Figure 1.4 shows the d i s t r i b u t i o n  of t h e  p o t e n t i a l  g rad ien t  of an electri-  

cal f i e l d  E wi th  a l t i t u d e  i n  nimbostratus  clouds wi th  a mixed phase s t r u c t u r e ,  

observed a t  middle l a t i t u d e s .  The m a x i m u m  values  of /E/ are observed i n  clouds 

of mixed s t r u c t u r e ,  e s p e c i a l l y  i n  t h e  zone between t h e  O - l O O C  isotherms;  i n  

t h i s  zone, t h e r e  i s  an i n t e n s i v e  s e p a r a t i o n  of charges. Beneath t h e  cloud o r  

i n  t h e  lower p a r t  of i t ,  one o f t e n  f i n d s  areas of p o s i t i v e  charges t h a t  a r e  /14 
assoc ia ted  w i t h  p r e c i p i t a t i o n .  L e t  us recall  once again t h a t  both t h e  average 

and t h e  extrema1 va lues  of E i n  such clouds are h igher  than i n  clouds of t h e  

o t h e r  types discussed. One f i n d s  both p o s i t i v e l y  (Figure 1.4)  as w e l l  as 

negat ive ly  p o l a r i z e d  clouds [ 31. 

On t h e  b a s i s  of t h e  r e s u l t s  of measuring t h e  p o t e n t i a l  g rad ien t  of t h e  

electrical  f i e l d  of  t h e  atmosphere, it i s  p o s s i b l e  t o  c a l c u l a t e ,  by using t h e  

Poisson equat ion,  t h e  d e n s i t y  d i s t r i b u t i o n  p of space charges i n  t h e  clouds. 

1 3  



Figure 1.4. Reduced pa th  of p o t e n t i a l  g rad ien t  
E of e lectr ical  f i e l d  i n  N s  clouds w i t h  a mixed 
s t r u c t u r e  . 

1 - Leningrad, 1960-1962 (18 cases) ;  2 - K i e v ,  1960- 
1963 (7 cases) ;  3 - Tashkent, 1960-1961 (10 cases) ;  
E and v - lower and upper limits of t h e  clouds.  

On t h e  average, t h e  d e n s i t y  p of space charges i n  s t r a t u s  and stratocumulus 

clouds i s  on t h e  order  of 10-l' k/m 3 (Table 1 .4 ) .  

TABLE 1.4. * RECIURRENCE (2) OF THE DENSITY VALUES OF SPACE 

CHARGES I N  Sc AND N s  CLOUDS 

clouds of t h e s e  types are com- 

p a r a t i v e l y  s m a l l .  

by no more than 20 - 30% of t h e  average value ranges from 200-600 m. 

The e x t e n t  of  the zones where t h e  p o t e n t i a l  g rad ien t  changes 

- 
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r -  

Considerable inhomogeneities of E - reaching, l e t  us  say, up t o  100% a r e  

r a r e l y  found. 

of AE devia t ions  from the average p o t e n t i a l  g rad ien t  of t h e  electrical  

f i e l d  i n  t h e  s e l e c t e d  area of  t h e  h o r i z o n t a l  pa th  t o  t h e  average value 

lAE/EavI. 
i n  clouds is  expressed q u i t e  w e l l  by a normal logar i thmic  d i s t r i b u t i o n .  

Figure 1.5 shows t h a t  t h e  median va lues  of t h e  inhomogeneities i n  t h e  var ious  

forms of clouds are similar, and amount t o  about 20%. However, t h e  s l o p e  of 

t h e  curves d i f f e r s ,  i n d i c a t i n g  a d i f f e r e n t  p r o b a b i l i t y  of encountering 

considerable  inhomogeneities i n  clouds of  d i f f e r e n t  types.  

Electrical inhomogeneities i n  clouds are c a l c u l a t e d  as the r a t i o  

The d i s t r i b u t i o n  of t h e  va lues  of t h e  e lectr ical  inhomogeneities 

(T) 100% 

I n  Table 1.5, w e  have 

presented t h e  values  IAE/E [ av med 
and t h e  ca lcu la ted  values  

I AE/EavI max’ corresponding t o  an 

encountering p r o b a b i l i t y  less 

than 0.1%. Hence, i f  w e  f i n d  

devia t ions  from t h e  average v a l u e  

of E by 300% i n  S c  and N s  once 

out of 1000 inhomogeneities,  w e  

w i l l  f i n d  devia t ions  from t h e  

average values  by 1500% i n  Cb i n  

one case out  of a thousand. The /15 
inhomogeneities occupy 50-60% 

of t h e  f l i g h t  t r a j e c t o r y  i n  S c ,  

Figure 1.5. D i s t r i b u t i o n  of values  of and 70 -80% i n  N s .  The average 
e l e c t r i c a l  inhomogeneities AE. 100 Ea, 

i n  clouds of d i f f e r e n t  types,  p l o t t e d  
dens i ty  of t h e  space charge i n  

inhomogeneities f o r  S t  and Sc  
on a normal logar i thmic  g r i d .  
1 - N s ;  2 - SC; 3 - Cb. 

- 

clouds d i f f e r s  i n s i g n i f i c a n t l y  

from t h e  average d e n s i t y  of t h e  

space charge c a l c u l a t e d  f o r  t h e  

e n t i r e  cloud, with h igher  values  f o r  t h e  dens i ty  of t h e  space charges 

encountered i n  s m a l l e r  zones. 
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The d e n s i t y  of  t h e  TABLE 1.5. 
space charge i n  Ns may b e  

s i g n i f i c a n t .  Thus, i n  Ns 

we f i n d  va lues  of  p on t h e  
of clouds 

3.50 
300 

15'JO 

sc 25 

Cb 
order  of 10-l' C /m3 , and 

even lo-' C/m3. The proba- 

b i l i t y  of t h e  appearance of 

l p l  of d i f f e r e n t  dens i ty  i n  
nimbostratus  clouds i s  

shown i n  Table 1.4.  

I n  Figure 1.6, we  have p l o t t e d  t h e  curves f o r  t h e  recurrence of t h e  

dimensions of t h e  e lectr ical  inhomogeneity zones i n  clear weather,  and i n  

clouds of d i f f e r e n t  types.  

of inhomogeneity are smaller i n  clouds than i n  clear weather,  and i n  clouds 

which are more active ( N s )  t h e  inhomogeneity zones are smaller than  i n  Sc. 

Thus, i n  clear weather one most o f t e n  encounters zones measuring from 100 t o  

500 m y  i n  S c  - from 50 t o  400 m y  and i n  N s  - from 50 t o  200 m. It is  neces- 

sary t o  keep t h e  f a c t  i n  mind t h a t  these  dimensions of t h e  inhomogeneities are 

l inked  i n  a c e r t a i n  fash ion  w i t h  t h e  measurement method. Inhomogeneities are 

de tec ted  i f  t h e  measured element i n  them ( i n  t h i s  case E) d i f f e r s  by more than 

several percent  from t h e  average value o f  t h e  element i n  t h e  measurement area. 

As t h e  inhomogeneity dimension i n  this  case,  w e  have adopted t h e  d i s t a n c e  be- 

tween adjacent  extrema of t h e  f i e l d .  

It is i n t e r e s t i n g  t h a t  t h e  dimensions of t h e  zones /16 

,,' 

I n  t h e i r  papers ,  fore ign  i n v e s t i g a t o r s  present  i n d i v i d u a l  d a t a  on 

measurements of t h e  e lectr ical  f i e l d  i n t e n s i t y  i n  clouds of t h e s e  types.  

f o r e ,  w e  cannot speak of any kind of sys temat iza t ion  of fore ign  da ta .  

at tempt t o  t r a n s f e r  t h e  d a t a  on E presented i n  a pamphlet, as obtained by 

I. M. Imyanitov and Y e .  V. Chubarina, t o  o t h e r  geographic regions o r  t o  use 

them f o r  c a l c u l a t i n g  some processes  tak ing  p lace  i n  t h e s e  regions,  i t  i s  

necessary t o  keep i n  mind the  r e l a t i o n s h i p  

and mentioned i n  t h e  t e x t )  of t h e  average parameters of E t o  t h e  phys ica l ,  

geographic condi t ions of cloud formation. 
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There- 

I n  an 

(shown f o r  example i n  Table 1.1 
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Figure 1.6. Recurrence of s i z e s  of zones 

1 - i n  clear weather; 2 - i n  Sc; 3 - i n  N s .  

of  e lectr ical  homogeneities. 

I n  measurements of t h e  p o t e n t i a l  g rad ien t  E of t h e  e lectr ical  f i e l d  of 

t h e  atmosphere, c a r r i e d  out  f o r  a r e l a t i v e l y  long per iod of t i m e  i n  t h e  moun- 

t a i n s  a t  a l t i t u d e s  at which cloud formation takes place  [77, 1411, v a r i a b i l i t y  

of E i n  clouds and i n  t h e i r  v i c i n i t y  was observed less than i n  t h e  a i r c r a f t  

s t u d i e s  of I. Imyanitov and Ye.V.Chubarina.The absence of s u f f i c i e n t  information 

regarding t h e  q u a n t i t y  and method of analyzing the m a t e r i a l  presented by t h e  

i n v e s t i g a t o r s  [77, 1411 does n o t  give us any i d e a  of t h e  cause of t h e  d i f f e r -  

ences¶  but  t h e  p o s s i b i l i t y  cannot be excluded t h a t  t h e  considerable  s i m i l a r i t y  

of t h e  e l e c t r i c a l  f i e l d s  h a s  something t o  do wi th  t h e  s p e c i f i c  condi t ions of 

cloud formation under mountainous condi t ions.  

/17 

The establ ishment  of r e l a t i o n s h i p s  between t h e  microphysical charac te r i s -  

t i c s  and t h e  p o t e n t i a l  g rad ien t  E of t h e  e lectr ical  f i e l d  i n  t h e  clouds i s  of 

considerable  i n t e r e s t  i n  conjunction wi th  a search  f o r  t h e  causa t ive  r e l a t i o n -  

s h i p s  between the  parameters c h a r a c t e r i a i n g  t h e  development of clouds and 

t h e i r  e lectr ical  c h a r a c t e r i s t i c s .  
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Unfortunately,  we  do n o t  have s u f f i c i e n t l y  r e l i a b l e  and unanimous r e s u l t s  

i n  this  connection. To support  t h e  f a c t  t h a t  a r e l a t i o n s h i p  between t h e  micro- 

phys ica l  and electrical  c h a r a c t e r i s t i c s  of a cloud does exist ,  we  can use 

Figure 1. Direct simultaneous measurement of w a t e r  content  , micros t ruc ture  

and e lectr ical  parameters i n  s t r a t i f o r m  clouds are very  few i n  number, and 

their r e s u l t s  are not  i n  agreement. 

A n  important electrical  c h a r a c t e r i s t i c  of clouds is t h e  e lectr ical  

conduct ivi ty  of the a i r  i n  them. The electrical  conduct iv i ty  i n  t h e  clouds 

must be less than i n  t h e  free atmosphere, due t o  t h e  capture  of i o n s  by t h e  

drops. 

Measurement of e lectr ical  conduct ivi ty  of t h e  a i r  i n  clouds i s  a compli- 

cated t a s k ,  s i n c e  i t  i s  necessary t o  so lve  many d i f f i c u l t  methodological pro- 

blems, and w e  w i l l  no t  dwell  on t h i s  t o p i c  ( f o r  example [l, 31, 851). It i s  

obvious why only a few such nieasurements have been made. As a r u l e ,  t h e  mea-  

surements are performed wi th  t h e  a i d  of an i n e r t i a l  apparatus .  Nothing i s  

known regarding t h e  characteristics of t h e  change i n  e lectr ical  conduct iv i ty  

i n  the a i r  i n  i n d i v i d u a l  p o r t i o n s  of clouds. 

Judging by the r e s u l t s  of measurements, t h e  values  of p o l a r  conduct iv i ty  

i n  clouds are roughly equal .  Judging by t h e  d a t a  of Alley and P h i l l i p s  [92] ,  

e l e c t r i c a l  conduct ivi ty  i n  clouds decreases by a f a c t o r  of 3 t o  5,and i n  some 

cases  by a f a c t o r  of 20, i n  comparison t o  t h e  e lectr ical  conduct ivi ty  i n  purely 

atmospheric a i r  at  t h e  same l e v e l .  According t o  t h e  d a t a  of N .  Krasnogorskaya, 

i t  decreases by approximately a f a c t o r  of 3 [57].  Zachek [ 321, who c a r r i e d  out  

the f i r s t  a i r c r a f t  measurements of e l e c t r i c a l  conduct iv i ty  of t h e  a i r  i n  t h i n  

S t  and Sc clouds by m e a n s  of an apparatus  which reduced t h e  e f f e c t  of b a s i c  

sources  of e r r o r  i n  measuring e lectr ical  conduct iv i ty  i n  clouds,  a l s o  found a 

reduct ion of e l e c t r i c a l  conduct ivi ty  i n  comparison t o  t h e  values  i n  pure a i r  

by a f a c t o r  of 3 t o  25. 
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Using an improved apparatus  of t h e  type descr ibed i n  [33], equipped wi th  

an i n e r t i a l  f i l ter ,  at tempts  w e r e  made t o  measure t h e  e lectr ical  conduct ivi ty  

of  t h e  a i r  from an a i r c r a f t  i n  dense S t  and Sc clouds as w e l l  as A s  and N s  

[30]. 
derable  charging of t h e  measuring e l e c t r o d e s  of t h e  apparatus  when s t r u c k  by 

d r o p l e t s ,  and t h e  discharging of t h e  e l e c t r o d e s  when t h e  d r o p l e t s  s e p a r a t e  

from them. It is  n o t  clear t o  what .extent t h i s  source of e r r o r  may have 

a f f e c t e d  t h e  measurement r e s u l t s  i n  t h e  c i t e d  works. 

However, t h e s e  at tempts  have as y e t  been unsuccessful  due t o  t h e  consi- 

- f 18 

The e lectr ical  conduct iv i ty  of t h e  a i r  i n  nimbostratus  clouds has  not  

been i n v e s t i g a t e d  i n  d e t a i l .  However, i n  a work by N. Krasnogorskaya [57 ]  i n  

which t h e  d a t a  of ex tens ive  measurements of air  electrical  conduct ivi ty  on 

Mount Elbrus  are analyzed, t h e r e  are no unusual f e a t u r e s  i n  t h e  p a t t e r n  of 

e l e c t r i c a l  conduct ivi ty  assoc ia ted  with t h e  passage of r a i n  clouds. W e  can, 

t h e r e f o r e ,  assume t h a t  e l e c t r i c a l  conduct ivi ty  i n  t h e s e  clouds was t h e  same as 

i n  s t r a t u s  clouds, i . e . ,  somewhat less than t h e  e l e c t r i c a l  conduct ivi ty  i n  

t h e  f r e e  atmosphere a t  the same level. It is  necessary t o  p o i n t  ou t ,  however, 

t h a t  i n  [57 ]  t h e  inf luence  of e l e c t r o d e  charging on t h e  measurement r e s u l t s  

w a s  n o t  taken i n t o  account. 

L e t  us consider  t h e  e l e c t r i c a l  microphysical c h a r a c t e r i s t i c s  of s t r a t u s ,  

s t ra tocumulus,  and nimbostratus  clouds.  The charges of i n d i v i d u a l  d r o p l e t s  

have been i n v e s t i g a t e d  by several authors  [92, 138, 163, 164, 58, 18, 681. 

Summaries of t h e  r e s u l t s  of measurements a r e  presented i n  [56, 681. Data 

selected from them and supplemented by d a t a  from [58, 181 are represented i n  

Table 1.6. 

It is  apparent from Table 1.6 t h a t  t h e  r e s u l t s  of measurements performed 

by d i f f e r e n t  methods i n  clouds formed i n  var ious  geographical  regions under 

d i f f e r e n t  condi t ions d i f f e r  q u i t e  markedly from one another ,  even i n  clouds of 

s i m i l a r  types.  The reasons f o r  t h i s  have n o t  y e t  been i n v e s t i g a t e d ,  bu t  w e  

cannot exclude t h e  p o s s i b i l i t y  t h a t  t h e  d i f f e r e n c e  i s  caused by var ious con- 

d i t i o n s  of cloud formation, as w e l l  as by t h e i r  d i f f e r e n t  rates of growth. 
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The experiments of Alley,  P h i l l i p s  and Kinzer [92, 1381, f o r  example, were 
performed i n  "young" clouds.  

Rela t ive ly  similar r e s u l t s  w e r e  obtained by A. Katsyka, G. Pe t rov  and 

Chiao Bo-lin [56] f o r  clouds,  and by L. Makhotkin, V. Solov'yev [68] and 

M. Akimov [18] f o r  fogs.  According t o  t h e i r  d a t a ,  p o s i t i v e l y  and negat ive ly  

charged d r o p l e t s  are encountered wi th  approximately equal  p r o b a b i l i t y .  The 

measured charges w e r e  found t o  be approximately propor t iona l  t o  t h e i r  rad ius  

q = k r .  

I f  r i s  expressed i n  microns and q i n  e l e c t r i c a l  charges,  k = 10-20. 

The d i f f e r e n c e  of t h e  spectrum of t h e  p a r t i c l e  charges i n  zones of inhomogeneity 

from t h e  average spectrum was not  determined. 

Data on t h e  charge on s m a l l  cloud d r o p l e t s  i n  clouds producing p r e c i p i t a -  

t i o n  are included i n  Twomey's work [163]. 

overwhelmingly p o s i t i v e  charging of the  d r o p l e t s  i n  w a r m  clouds and (with 

approximately the same magnitude) predominantly nega t ive  charging of t h e  drop- 

lets i n  clouds conta in ing  t h e  s o l i d  phase. H e  explained t h e  l a t t e r  e f f e c t  by 

negat ive  charging of t h e  growing ice p a r t i c l e s  when they c o l l i d e d  with super- 

cooled d r o p l e t s  [14]. It is necessary t o  perform a d d i t i o n a l  s t u d i e s  i n  order  

t o  ge t  a c l e a r  i d e a  of t h e  i n t e n s i t y  of f i n e  p a r t i c l e  charging i n  nimbostratus 

clouds. Obviously, i t  can b e  s i g n i f i c a n t .  The charge on ind iv idua l  prec ip i -  

t a t i o n  p a r t i c l e s  f a l l i n g  from nimbostratus clouds , according t o  measurements 

made a t  t h e  s u r f a c e  of t h e  Ear th ,  i s  equal t o  3.10 - 3-10  [5,  19, 841. 

With a concentrat ion of approximately 100 p a r t i c l e s  p e r  m3 and a p r e c i p i t a t i o n  

rate of approximately 1 m p e r  second, w e  could expect t h a t  t h e  cur ren t  dens i ty  
-10 2 of t h e  clouds would reach lo-' - 10 

c u r r e n t s  from nimbostratus  clouds a t  middle l a t i t u d e s  are equal  only t o  

5.10-12 - 5*10-'l A/m [ 5 ] .  

p o s i t i v e l y  charged d r o p l e t s  i s  near ly  equal  t o  t h e  number of  negat ively 

charged p a r t i c l e s  and, as was noted by Y e .  Federov [84] ,  t h e  values  of t h e  

H e  de tec ted  a r a t h e r  s i g n i f i c a n t ,  

/19 

- 14 -13 

A/m . However, t h e  p r e c i p i t a t i o n  

2 This  has  t o  do wi th  t h e  f a c t  t h a t  t h e  number of 
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TABLE 1.6. AVERAGE DROPLET CHARGE (ABSOLUTE VALUES) I N  ELEMENTARY 

CHARGES (1 ELEMENTARY CHARGE APPROXIMATELY EQUALS 1.6-10-19 C )  

. 

Sourct 

[56 1 

181 

E561 

[561 

[561 

1581 

1921 

1 1381 

[ 163 1 

Measurement 
condi t ions  

~ _ _  - 

Fogs 

Fogs 

S t  and S c  

S t  and S c  

S t  and S c  

Sc, w a r m  

Orographic 

S t  and S c  

S t  and S c  
warm and 
supercooled 

Cb with  

Details of measurement 

a 
b 

a, i 

Slope of Elbrus  

A i r c r a f t  measurements 

a, f 

A e r o s t a t i c  measurements 

a >  g 

A i r c r a f t  measurements 

a,  f ,  i (  ( j  
( 

Mountains (Cal i forn ia)  

Mountains (Tasmania) 

n 

thunderstorms Mountains (Cal i forn ia)  
1 

-__ -. 

Radius of d r o p l e t s ,  microns 

2 

20 
18 
28 

19 
28 

25 

36 

90 
2 30 

5 

- 

- 

5 

74 
67 
59 

. . -  

48 
68 

94 

96 

100 
700 

7 

200 

270 

8 10 

a - d r o p l e t s  w i t h  E a s u r e a b l e  charges; b - all d r o p l e t s ;  
d - s l i g h t l y  e l e c t r i f i e d  clouds; e - highly  e i e c t r i f i e d  clouds; 
f - device of  G. Pe t rov  [74]; g - device of A. Sergiyeva (Katsyka) [Sl]; 
j - zones where t h e r e  w a s  equiprobable e x i s t e n c e  of charged d r o p l e t s  of 
bo th  p o l a r i t i e s ;  k - zones where d r o p l e t s  w e r e  charged pr imar i ly  nega- 
t i v e l y ;  1 - r e s u l t s  of measurements [92, 1381 summarized i n  [56]; 
m - s m a l l  number of measurements; n - clouds w i t h  p r e c i p i t a t i o n  and 
without p r e c i p i t a t i o n .  
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average and maximum charges of t h e  p o s i t i v e l y  and negat ive ly  charged d r o p l e t s  

increase and decrease simultaneo.usly, i. e. , t h e  p r e c i p i t a t i o n  does n o t  remove 

much of a charge even i n  i n d i v i d u a l  p a r t s  of the cloud. 

The charges on p r e c i p i t a t i o n  p a r t i c l e s  i n  southern  l a t i t u d e s  are g r e a t e r  

than those given by T. Takahashi and .K. Isono [157]. For example, t h e  maximum 

value f o r  t h e  charge on drops of r a i n  a t  t h e  s u r f a c e  of t h e  E a r t h  and i n  clouds 

w a s  found t o  be approximately 3.10 C. The c u r r e n t  d e n s i t y  of t h e  precip-  

i t a t i o n  from s t r a t u s  clouds i s  h igher  i n  southern l a t i t u d e s  [151]. Obviously, 

both the  charges and t h e  f i e l d  i n  t h e  clouds i n  southern l a t i t u d e s  must be 

h igher  than i n  clouds of middle l a t i t u d e s  . 

/20 - 12 

(1) 

It should be pointed out  t h a t  i f  t h e  d a t a  on t h e  e l e c t r i c a l  f i e l d  

i n t e n s i t y ,  space charges,  e l e c t r i c a l  conduct iv i ty  of t h e  a i r  and charges on 

t h e  p a r t i c l e s ,  inc luding  t h e  p r e c i p i t a t i o n  p a r t i c l e s ,  i n  clouds w e r e  added 

f o r  t h e  l as t  10 t o  20 years ,  d a t a  on t h e  magnitude of t h e  p r e c i p i t a t i o n  c u r r e n t s  

w i l l  be  seen t o  have increased  s i n c e  the  end of t h e  l a s t  century.  These mea-  

surements have n o t  cont r ibu ted  much t o  t h e  knowledge of t h e  e l e c t r i c a l  s t r u c -  

t u r e  of clouds.  According t o  t h e  d a t a  on p r e c i p i t a t i o n  c u r r e n t s ,  even wi th  

a p p l i c a t i o n  of these  t e r r e s t r i a l  measurements of t h e  e lectr ical  f i e l d ,  i t  has  

n o t  been poss ib le  t o  e s t a b l i s h  t h e  e l e c t r i c a l  s t r u c t u r e  of t h e  clouds wi th  

s u f f i c i e n t  completeness, although unquestionably,  i n  many cases involving non- 

thunderstorm clouds , t h e  f a l l i n g  p r e c i p i t a t i o n  cur ren t  may determine t h e  t o t a l  

e l e c t r i f i c a t i o n  of t h e  clouds ( see ,  f o r  example, [137]).  The estimates of 

Wilson [170] , which showed t h a t  n o t  only t h e  magnitude of the  charge but  a l s o  

t h e  s i g n  can change when drops of p r e c i p i t a t i o n  f a l l  from a cloud, explained 

the  i n e f f e c t i v e n e s s  of a t tempts  a t  terrestr ia l  measurement of t h e  charge and 

t h e  current  of t h e  d r o p l e t s  t o  r e s t o r e  t h e  processes  tak ing  p lace  i n  t h e  cloud. 

(l)The t r a n s p o s i t i o n  of d a t a  on e lectr ic  c u r r e n t s  above thunderstorm clouds 
der ived over a l i m i t e d  region t o  t h e  e n t i r e  globe, with a l l  ensuing con- 
sequences, and a b s o l u t i z a t i o n  of measurements f o r  clouds developing under 
very s p e c i f i c  mountain condi t ions  w i l l  serve as an i l l u s t r a t i o n  as t o  how 
much e x t r a p o l a t i o n  of any s p e c i a l  d a t a  on s p e c i f i c  clouds f o r  t h e  proper- 
t i es  of clouds of a l l  types has  become a r o u t i n e  procedure i n  atmospheric 
e l e c t r i c i t y  [141]. 
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Measurements [42] made d i r e c t l y  beneath A s  and Cs from which p r e c i p i t a t i o n  

w a s  f a l l i n g  showed t h a t  t h e  p r e c i p i t a t i o n  p a r t i c l e  charge i n  t h e  clouds may 

be on t h e  o r d e r  of 1 0  C.  
-11 

According t o  d a t a  on the electr ic  f i e l d  i n t e n s i t y ,  electrical  con- 

d u c i v i t y  of t h e  a i r  X and t h e  exchange c o e f f i c i e n t  k, w e  can estimate t h e  t o t a l  
e l e c t r i c a l  c u r r e n t  of t h e  "leakage" of  charges from t h e  cloud e lectr ic  

dipole .  

cur ren t  XE and t h e  d e n s i t y  of t h e  c u r r e n t  of t u r b u l e n t  d i f f u s i o n  k/41r 

where z is t h e  ver t ical  coordinate.  For A s  and N s  clouds,  t h e  c u r r e n t  d e n s i t y  

of conduct ivi ty  i s  on t h e  order  of LO 
d i f f u s i o n  i s  of t h e  same o r d e r  o r  even less. Hence, t h e  i n t e r n a l  c u r r e n t  den- 

s i t y  of t h e  "leakage" of cloud charges i n  nimbostratus  clouds w i l l  n o t  exceed 

several u n i t s ,  

c a n t l y  higher .  

The c u r r e n t  dens i ty  j i s  made up of t h e  dens i ty  of t h e  conduct iv i ty  
2 2  3 E/az , 

-11 2 A/m , while  t h e  c u r r e n t  d e n s i t y  of 

A/m2. I n  i n d i v i d u a l  clouds,  t h i s  value may be s i g n i f i -  

A s  fol lows from t h e  d a t a  presented i n  t h i s  s e c t i o n ,  t h e  r e s u l t s  of 

measuring t h e  e l e c t r i c a l  f i e l d  i n  c louds and t h e  d a t a  derived from t h e s e  

r e s u l t s  concerning t h e  d i s t r i b u t i o n  of t h e  space charge i n  clouds are gen- 

e r a l i z e d  t o  a c e r t a i n  e x t e n t  and f o r  a c e r t a i n  geographical region. 

on o t h e r  e l e c t r i c a l  c h a r a c t e r i s t i c s  have a fragmentary n a t u r e  t o  a l a r g e  

ex ten t .  

/21 
Data 

5 2. E l e c t r i c i t y  of ConvectLve Clouds Without Rain 

The e l e c t r i c a l  s t r u c t u r e  of convective clouds without r a i n  w a s  e s t a b l i s h e d  

on t h e  b a s i s  of s t u d i e s  a t  moderate l a t i t u d e s  of approximately 140 l a r g e  cumu- 

l u s  clouds ranging i n  h e i g h t  from 1500 t o  4000 m [SS] , as w e l l  a s  ord inary  

cumulus clouds [34]. 

The e lectr ical  s t r u c t u r e  of a convective cloud i s  shown i n  schematic form 

i n  Figure 1.7. Cumulus congestus clouds,  l ike  cumulus clouds,  contain two 

b a s i c  charges. A t  the top,  as a r u l e  (75% of t h e  cases) ,  is  t h e  p o s i t i v e  

charge, which takes  up t h e  e n t i r e  upper p a r t  of t h e  cloud, while  t h e  n e g a t i v e  
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charge is  a t  t h e  bottom. The average 

space charge d e n s i t y  p i n  t hese  

areas is small; i n  50% of t h e  cases it 

amounts t o  3 ~ 1 0 - l ~  - 6.10-11 C/m3, b u t  

cases have been found i n  which p > 

3*10-10 C/m . 
E of t he  e l e c t r i c  f i e l d  i n  the  clouds,  

formed by the  average d i s t r i b u t i o n s  of 

t h e  space charges,  i n  50% of the  cases 

does no t  exceed +500 V/m, b u t  sometimes 

can exceed s e v e r a l  thousands of v o l t s  

p e r  m e t e r .  I n  cumulus (Cu), approxi- 

mately t h e  same f i e l d  va lues  are found. 

Against  the background of these  bas i c ,  

r e l a t i v e l y  low space charges,  nega t ive  

and p o s i t i v e  space charges of high 

dens i ty  are loca ted  c h a o t i c a l l y  i n  

the  cloud. I n  75% of t h e  cases ,  t hese  

3 The p o t e n t i a l  g rad ien t  

Figure 1.7.  E l e c t r i c a l  s t r u c t u r e  of 
a convective cloud. 

-11 2 charges exceed 6-10 

3 t o 7 - 1 0  C/m ; areas occupied by the  charges extend,  i t  is  t r u e ,  no more than 

50 m. On t h e  average, zones of extremalcharges have dimensions ranging from 

t ens  t o  hundreds of meters. The most probable s i z e  f o r  zones of inhomogeneity 

is  about 150 m (Figure 1.8). 

s a t i s f a c t o r i l y  descr ibed by a normal logar i thmic  law [41]. 
usual ly  a s soc ia t ed  wi th  small zones. The p o t e n t i a l  g rad ien t  E i n  these  zones 

exceeds 1000 V/m i n  50% of the  cases ,  exceeds 10,000 V/m i n  2% of the  cases ,  

and i s  more than 20,000 V/m i n  0.1% of the  cases  (according t o  d a t a  from 

ex t r apo la t ion  of t h e  d i s t r i b u t i o n  curve).  

C/m . Space charges have been found which reach up t o  
9 2  

The d i s t r i b u t i o n  of t h e  s i z e s  of t hese  zones is 

High charges are 

The spectrum of t h e  s i z e s  of t he  inhomogeneity zones is  very s imilar  t o  

the  spectrum of the  zone 

changes, as w e l l  as t h e  spectrum of t h e  flows i n  convect ive clouds,  determined 

on the  b a s i s  of d a t a  from an a i r c r a f t  accelerograph and a low-iner t ia  

dimensions where t h e  e l e c t r i c a l  charge of the  a i r c r a f t  
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Figure 1.8. Recurrence of  zone 
s i z e s  with extrema1 charges i n  
cumulus congestus clouds (1) ,  
thunderstorm clouds i n  s t a g e s  of 
r ipeness  (2)  and decay (3) .  

thermometer [35]. I n  t h e s e  same 

zones, a s  i n d i c a t e d  by measurements of 

an a i r c r a f t  electrical charge made as 

e a r l y  as 1954 -1955, t h e  value of 

which i n c r e a s e s  with an i n c r e a s e  i n  

t h e  number of  cloud p a r t i c l e s ,  t h e r e  

can b e  a h ighly  s i g n i f i c a n t  change i n  

t h e  concentrat ion -nd s i z e  of the 

cloud p a r t i c l e s .  G. Pe t rov  [ 751 n o t e s  

i n  p a r t i c u l a r  the  ex is tence  of areas 

of s i m i l a r l y  charged p a r t i c l e s ,  while  

N. Vul'fson and A. Laktionov [28] have 

demonstrated t h e  ex is tence  of areas 

wi th  drop r a d i i  g r e a t e r  than n ine  

microns a g a i n s t  a background of "voids" 

where these  drops do not  e x i s t .  

There i s  no n o t i c e a b l e  increase  

cumulus and cumulus congestus clouds 

f o r  longer  than 1000 seconds, these  

i n  t h e  dens i ty  of t h e  space charges i n  

as they develop. I n  clouds which e x i s t  

space charges can be seen. The rate of 

- 123 

- 

3 space charge accumulation reaches 3- t o  3 ~ 1 O - l ~  C/m p e r  second [ 351. 

The e lectr ical  conduct iv i ty  X i n  cumulus clouds i s  measured e p i s o d i c a l l y  

near  t h e  ground [92]. 
formed of t h e  e l e c t r i c a l  conduct iv i ty  of the  a i r  i n  s l i g h t l y  developed cumulus 

clouds [30]. 

i t  only as an average value.  On t h e  average, t h e  e lectr ical  conduct ivi ty  i n  

Cu i s  several t i m e s  less than t h e  e lectr ical  conduct ivi ty  i n  a pure atmosphere. 

Measurements of h i n  Cu are s u b j e c t  t o  t h e  same measurement e r r o r s  as i n  

s t r a t u s  clouds. 

Ind iv idua l  a i r c r a f t  measurements have a l s o  been per- 

The i n e r t i a  of the  apparatus  has  made i t  p o s s i b l e  t o  estimate 

I 

The drop charges i n  cumulus clouds are at  least t h e  same as those i n  

s t r a t i f o r m  clouds (see T a b l e  1.6), b u t  we  do n o t  have more complete d a t a  on 

t h e  charge of t h e  p a r t i c l e s  i n  them. 
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Figure 1.9. Recurrence of l i n e a r  dimensions of 
a i r  flows (I), zones of extrema of a i r c r a f t  
charges (2), f i e l d  i n t e n s i t y  (3)  and temperature ( 4 ) .  

Since t h e  grad ien t  of average dens i ty  o f  space charges i n  cumulus con- 

ges tus  clouds i s  of the same order  of magnitude as i n  nimbostratus  clouds,  

while  t h e  exchange c o e f f i c i e n t  i n  t h e  former is oneorder  h i g h e r  than i n  t h e  /24 
la t ter ,  t h e  leakage cur ren t  of t h e  "cloud generator",  which is  l i n k e d  ( i n  

addi t ion  t o  t h e  e lectr ical  conduct ivi ty  of t h e  a i r )  t o  t h e  t u r b u l e n t  movements 

i n  clouds,  w i l l  b e  one order  of magnitude h igher  i n  cumulus and cumulus con- 

gestus  clouds than in  nimbostratus.  On the average, they may b e  est imated 

t o  be 10"O A/m . 
s t r a t u s  clouds (Sect ion 1) are almost completely devoted t o  t h e  r e s u l t s  of 

measurements i n  cumulus clouds.  

2 General observat ions of t h e  electrical  measurements i n  
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I 3. E l e c t r i c i t y  o-f-Cu@si&us Clouds 

S tudies  of t h e  electrical  s t r u c t u r e  of thunders,torm clouds began long 

before  the development of methods t o  measure t h e  electrical  f i e l d  inten-  

s i t y  of  t h e  atmosphere aboard a i r c r a f t .  The r e s u l t s  of these s t u d i e s ,  ob- 

ta ined  on t h e  b a s i s  of measurements of t h e  f i e l d  i n t e n s i t y  d i s t r i b u t i o n  i n  

clouds by means of sondes and changes i n  t h e  p o t e n t i a l  g rad ien t  of t h e  electri- 

cal  f i e l d  o f  t h e  atmosphere a t  t h e  s u r f a c e  of t h e  e a r t h ,  are genera l ly  w e l l -  

known. They have been presented i n  a number of monographs, f o r  example i n  1743. 

I n  general ,  t h e  e lectr ic  s t r u c t u r e  of cumulonimbus clouds l a r g e l y  resembles 

t h e  p i c t u r e  shown i n  Figure 1.7. 

and very d i s t i n c t  i n  comparison t o  the charges i n  Cu congestus.  The  

d i f f e r e n c e  l ies  i n  t h e  presence of a t h i r d ,  low area o f  p o s i t i v e  charges con- 

nected with t h e  r a i n  area. I n  t h i s  regard,  they have a c e r t a i n  formal 

s i m i l a r i t y  t o  s t ra tonimbus clouds. 

However, t h e  b a s i c  charges i n  them a r e  g r e a t  

The arrangement of b a s i c  charges i n  thunderstorm clouds i s  obviously 

s i m i l a r  t o  t h a t  obtained by Simpson e t  al .  [149, 1501. 

Workman w r i t e s :  "It appears most l i k e l y  t h a t  t h e  e l e c t r i c a l  charges are 

formed i n  t h e  a r e a  from -5" and poss ib ly  up t o  -2o0C,and t h a t  t h e  i n i t i a l  pro- 

cess o f  charge s e p a r a t i o n  takes  p lace  from t h e  -5" C l e v e l  t o  t h e  very top  of 

t h e  cloud. Generally speaking, t h e r e  is an area of r e l a t i v e l y  concentrated 

negat ive  charges which extends upward f o r  1-2 km and even f u r t h e r  i n  i s o l a t e d  

cases. Approximately 1-7 km above t h i s  region i s  an area of more d i f f u s e  

p o s i t i v e  charges." 1271. 

R e a l  clouds (even i n  a schematic representa t ion)  may d i f f e r  s i g n i f i c a n t l y  

from t h e  classical  model i n  Figure 1.10. I n  a d d i t i o n  t o  t h e  c h a r a c t e r i s t i c  

f e a t u r e  of cumulus clouds - the existence of numerous areas of "secondary" 
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(both p o s i t i v e  and negat ive)  charges,  

which are s m a l l e r  than the b a s i c  charges 

- i t  should a l s o  be pointed out  that 

under v a r i o u s  p h y s i c a l  geographic con- 

d i t i o n s  the average b a s i c  charges of 

t h e  clouds may d i f f e r  considerably.  

The s t r u c t u r e  of a thunderstorm cloud 

may change markedly i n  t h e  course of 

i t s  development. Clouds are found 

whose p o l a r i z a t i o n  i s  oppos i te  t o  t h a t  

shown i n  Figure 1.10. 

60-50 N. 
50 N. 
3s N. 
35 s. 

Figure 1.10. Electr ical  s t r u c t u r e  of 
thunderstorm clouds. 

&5 
72 

234 
2co 

L e t  us  examine t h e s e  f e a t u r e s  o f  t h e  

clouds i n  g r e a t e r  d e t a i l .  Table 1.7 

shows d a t a  on t h e  more o r  less t y p i c a l  

e lectr ical  s t r u c t u r e  of thunderstorm clouds(2) obtained by d i f f e r e n t  authors  

on t h e  b a s i s  of ground and a i r c r a f t  observat ions.  

TABLE 1.7. ELECTRICAL STRUCTURE OF THUNDERSTORM CLOUDS 

Average 

cloud, C. km 

Charge on 
cloud, C 

23 
24 
39 
40 

Distance between 
b a s i c  charges,  ki 

' , 5  
3 
6 
5 

(2)Although classical  aerology combines r a i n  and thunderstorm clouds under 
t h e  general  heading of "cumulonimbus", i n  atmospheric e l e c t r i c i t y  (whose 
methods r e a d i l y  s e p a r a t e  thunderstorm clouds from t h e  m a s s  of cumulonimbus 
clouds) a d i f f e r e n t i a t i o n  i s  made between these  two d i f f e r e n t  forms. The 
development of an observat ion method w i l l  m a k e  i t  p o s s i b l e  f o r  a l l  meteor- 
o l o g i s t s  t o  d i f f e r e n t i a t e  thunderstorm clouds from r a i n  clouds,  and s o  w e  
are using d i f f e r e n t  names f o r  t h e s e  types of clouds. 
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I n  t h e  t h i r d  l i n e  of Table 1.7, we have included t h e  d a t a  by 0. G i s h  and 

G .  White. C h a r a c t e r i s t i c  of t h e s e  d a t a  is  t h e  f a c t  t h a t  they w e r e  obtained 

from r e s u l t s  of measuring t h e  ver t ical  component of t h e  p o t e n t i a l  g rad ien t  of  

t h e  atmospheric electrical  f i e l d  above thunderstorm clouds. I n  c o n t r a s t  t o  

t h e  d i r e c t  c a l c u l a t i o n  of cloud e lectr ical  charges on t h e  b a s i s  of measurement 

d a t a  of E w i t h i n  them, used f o r  p l o t t i n g  t h e  e l e c t r i c a l  s t r u c t u r e  of 

stratus clouds,  h e r e  t h e  charge d i s t r i b u t i o n  w a s  ca lcu la ted  from d a t a  on t h e  

measurement of  E during t h e  f l i g h t  of  an a i r c r a f t  above a thunderstorm cloud. 

Problems of t h i s  kind,  genera l ly  speaking, are i n c o r r e c t  problems. The s i t u a -  

t i o n  i s  complicated by t h e  f a c t  t h a t  t h e  medium i n  which t h e  space charges a r e  
loca ted  i s  a conductor, so  t h a t  i t s  electrical  conduct ivi ty  is  n o t  constant .  

I n  o r d e r  t o  c a l c u l a t e  t h e  va lue  and t h e  d i s t r i b u t i o n  of t h e  b a s i c  charges of /26 
t h e  cloud, t h e  au thors  had t o  e s t a b l i s h  t h e  number of charges and t h e  a l t i t u d e  

a t  which t h e s e  charges are located.  The e l e c t r i c a l  conduct iv i ty  of t h e  medium 

w a s  a l s o  not  taken i n t o  account. 

Extensive measurements of t h e  p o t e n t i a l  g rad ien t  of t h e  e l e c t r i c a l  f i e l d  

of t h e  atmosphere above thunderstorm clouds have been performed i n  the  USSR. 

A t o t a l  of approximately 300 clouds w e r e  s tud ied .  Due t o  t h e  fact t h a t  t h r e e  

components of t h e  p o t e n t i a l  g rad ien t  w e r e  measured simultaneously ( i n  a 

Car tes ian  coordinate  system l inked  wi th  t h e  a i r c r a f t ) ,  i t  w a s  poss ib le  t o  deter-  

mine a l s o  t h e  b a s i c  cloud charges and t h e i r  p o s i t i o n ,  assuming t h a t  t h e i r  

number w a s  equa l  t o  two. The averaged r e s u l t s  of t h e  c a l c u l a t i o n  are presented 

i n  t h e  f i r s t  l i n e  of Table 1.7. It must be kept  i n  mind t h a t  t h e  b a s i c  charges 

of t h e  i n d i v i d u a l  clouds i n  t h i s  region may d i f f e r  by oneorder  of magnitude 

from those given i n  Table 1.7. 

Due t o  t h e  f a c t  t h a t  t h e  a i r c r a f t  made a number of successive passes  

over  t h e  top of t h e  same cloud, w e  w e r e  a b l e  t o  e s t a b l i s h  t h a t ,  as t h e  cloud 

developed, t h e  e lectr ical  s t r u c t u r e  of t h e  l a t te r  undergoes considerable  

change [5] .  Many cases w e r e  observed when i n  t h e  f i r s t  s t a g e  (cloud develop- 

ment) t h e  p o t e n t i a l  g rad ien ts  above t h e  top o f  t h e  cloud w e r e  p o s i t i v e ,  and 

only a t  t h e  beginning of  t h e  second s t a g e  ( t h e  s t a g e  of matur i ty)  w a s  t h e r e  a 
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s h i f t  t o  nega t ive  g r a d i e n t s ,  i .e.,  t h e  cloud assumed an  electrical  s t r u c t u r e  l i k e  

t h e  one which is u s u a l l y  given i n  t h e  l i t e r a t u r e .  

mined whether o r  n o t  t h i s  type of change i n  cloud p o l a r i t y  i n  t h e  course of de- 

velopment i s  t y p i c a l  of a l l  thunderstorm clouds i n  t h e  middle l a t i t u d e s  o r  whe- 

t h e r  t h i s  i s  a c h a r a c t e r i s t i c  of t h e  mar jo i ty  of c louds a t  any l a t i t u d e .  The 

change of t h e  f i e l d  d i r e c t i o n  wi th  t i m e  above t h e  cloud may be a t t r i b u t e d  t o  t h e  

upward desplacement of t h e  c e n t e r  of t h e  nega t ive  charge produced by t h e  r i s i n g  

air  cur ren t  during t h e  cloud development s t a g e  and t h e  displacement of t h i s  

c e n t e r  downward a t  t h e  s t a g e  of matur i ty ,  when t h e  r i s i n g  c u r r e n t  s lackens and 

descending c u r r e n t s  develop. The changes i n  t h e  p o t e n t i a l  g rad ien t  above 

thunder clouds during active formation of canopies w a s  observed by B. Vonegat 

e t  a l .  [166]. The a c t u a l  process  may b e  more complex ( s e e  Chapter 11). 

It s t i l l  remains t o  be de te r -  
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The average va lues  of t h e  p o t e n t i a l  g rad ien t  w i t h i n  t h e  active p o r t i o n  
5 of thunderclouds are equal  t o  (1 t o 2 )  x 10 V/m. However, f o r  t h e  beginning 

of thundercloud development, t h e  p o t e n t i a l  g rad ien t  must b e  (1 t o  2) x lo6  V/m. 

Consequently, such g r a d i e n t s  must develop i n  i n d i v i d u a l  inhomogeneities even 

f o r  a s h o r t  space of t i m e .  

S i g n i f i c a n t  inhomogeneities do e x i s t  i n  thunderstorm clouds. Judging by 

t h e  change i n  t h e  charge on an a i r c r a f t  i n  inhomogeneities,  concentrat ion and 

s i z e  of cloud p a r t i c l e s  i n  them d i f f e r  s i g n i f i c a n t l y  from t h e  average. The 

average s i z e  of t h e  inhomogeneity zones i n  a c t i v e  thunderstorm clouds i s  equal  

t o  200 - 400 m and extends t o  400-600 m (Figure 1 . 8 ) .  

A t  average dens i ty  values  f o r  t h e  space charge i n  thunderclouds of 

3 to30*10'10 C/m , a s i g n i f i c a n t l y  l a r g e r  charge d e n s i t y  may develop i n  
-8 -7 3 inhomogeneities, above 10 and even 10 C/m . 

3 

It should be pointed out  t h a t ,  r e g a r d l e s s  of t h e  e x t e r n a l  s i m i l a r i t y  of 

t h e  electrical  s t r u c t u r e  of cumulus and thunderstorm clouds , t h e  d i f f e r e n c e s  

i n  t h e  values  of their charges and f i e l d s  are s o  g r e a t  t h a t  i t  is  impossible 
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t o  v i e w  t h e  former as a model of t h e  latter o r  even as a s t a g e  of charge 

accumulation f o r  thunderstorm processes.  Since t h e  t i m e  of t r a n s i t i o n  from 

t h e  Cu congestus s t a g e  t o  t h e  Cb amounts t o  only a few minutes i n  a l l ,  only 

powerful e l e c t r i f i c a t i o n  mechanisms t h a t  arise i n  t h e  Cb s t a g e  can l e a d  t o  

t h e  appearance of observable  charges.  

J. Latham and C. Stow performed r a t h e r  complete i n v e s t i g a t i o n s  of t h e  

electrical  p r o p e r t i e s  of l a r g e  convective clouds i n  1965 -1967 [124] : t h e  

i n t e n s i t y  of t h e  electrical  f i e l d  E, t h e  hydrometeor charge Q, t h e  water 

content  of t h e  cloud, t h e  concentrat ion and t h e  n a t u r e  of t h e  d i s t r i b u t i o n  

of s m a l l  and l a r g e  hydrometeors. They found t h a t  t h e  h ighes t  values of E and 

Q occur i n  clouds i n  which t h e r e  is an overwhelming number of p a r t i c l e s  wi th  

a complex s t r u c t u r e ,  c o n s i s t i n g  of a chain of f rozen supercooled d r o p l e t s  and 

ice c r y s t a l s ,  and ice c r y s t a l s  i n  a l a r g e  amount of supercooled water .  I n  

clouds which c o n s i s t  almost completely of pure water ,  E i s  small ,  while i n  

ice clouds i t  is  high. 

Highly s i g n i f i c a n t  d a t a  w e r e  obtained on t h e  e l e c t r i c a l  l o s s e s  i n s i d e  

thunderstorm clouds and on t h e  e f f e c t i v e  e l e c t r i c a l  conduct ivi ty  i n s i d e  them. 

Back a t  t h e  t u r n  of t h e  century,  Wilson [169] noticed t h a t  t h e  e l e c t r i c a l  

f i e l d  i n t e n s i t y ,  which changes sharply immediately a f t e r  a l i g h t n i n g  s t r o k e ,  

i s  r e s t o r e d  r e l a t i v e l y  slowly t o  i t s  i n i t i a l  value.  The curve of r e s t o r a t i o n  

followed t h e  exponent ia l  l a w ,  and t h e  r e l a x a t i o n  t i m e  cons tan t  was s e v e r a l  

seconds. Assuming t h a t  t h e  reason f o r  t h e  i n c r e a s e  i n  t h e  e l e c t r i c a l  f i e l d  

i n t e n s i t y  w a s  t h e  d i f f e r e n c e  i n  rates of f a l l  of d i f f e r e n t l y  charged p a r t i -  

cles forming t h e  b a s i c  charge of t h e  cloud, Wilson pos tu la ted  a mechanism 

which would prevent l i n e a r  growth of t h e  f i e l d .  H e  proposed chat  t h e  i n c r e a s e  

i n  t h e  e l e c t r i c a l  f i e l d  i n t e n s i t y  i n  t h e  cloud reduces t h e  d i f f e r e n c e  i n  f a l l  

r a t e s  i n  d i f f e r e n t l y  charged p a r t i c l e s .  When t h e  rates are equal ,  which 

occurs i n  a f i e l d  with a vol tage  c l o s e  t o  a breakdown vol tage ,  approximately 

3-10 V / m ,  t h e  e l e c t r i c a l  f i e l d  of t h e  cloud ceases t o  grow. 

/28 

5 

31 



TABLE 1.8. ELECTRICAL CURRENTS ABOVE THUNDERSTORM CLOUDS 

Average 
cur ren t  
values, A 

Area of  i n v e s t i g a t i o n  I M a x i m u m  
c u r r e n t  
va lues ,  A 

t 
European t e r r i t o r y  of t h e  USSR 

Cent ra l  USA 

F l o r i d a  (USA) 

---I--- 
0.1 - 0.21 1.4 

Source 

However, d i r e c t  measurements i n  clouds,  showing t h a t  t h e  f i e l d  does n o t  exceed 

10 

The assumption of high e lectr ical  conduct ivi ty  of t h e  air  [97] i n  t h e  v i c i n i t y  

of t h e  measuring instrument on t h e  ground, (which w a s  used t o  expla in  t h e  

s h o r t  r e l a x a t i o n  t i m e  of t h e  e lectr ical  f i e l d  fol lowing a l i g h t n i n g  stroke) 

tu rned  out  t o  be i n c o r r e c t .  The theory of Tamura [131] could n o t  b e  used t o  

expla in  t h e  observed r e l a x a t i o n  t i m e  , which views t h e  r e s t o r a t i o n  curves of 

t h e  electrical  f i e l d  as a r e f l e c t i o n  of t h e  t r a n s i t o r y  process  of charge d is -  

t r i b u t i o n  i n  a thunderstorm cloud following l i g h t n i n g  s t r o k e  t o  t h e  equi l -  

ibr ium d i s t r i b u t i o n  which i s  d i c t a t e d  by t h e  l a w s  of a s t a t i o n a r y  f i e l d .  It 

w a s  necessary t o  support  [27, 102,  103, 104, 1321 t h e  viewpoint t h a t  w a s  

expressed i n  1956 [36] t h a t  the  r e l a x a t i o n  of t h e  e lectr ical  f i e l d  i s  connected 

to processes  i n s i d e  t h e  cloud and t o  the  ex is tence  of h igh ,  e f f e c t i v e  e lectr ical  

conduct ivi ty  i n  it. Electr ical  conduct ivi ty  i n s i d e  t h e  cloud may b e  l inked  

both t o  t h e  ohmic conduct iv i ty  and t h e  conduct ivi ty  produced by turbulence 

and convective movements. 

/= 
5 V/m on t h e  average, have forced a reexamination of Wilson's explanat ion.  

Unfortunately,  i t  has  not  been poss ib le  thus f a r  t o  measure r e l i a b l y  t h e  

e lectr ical  conduct ivi ty  i n s i d e  clouds.  The only r e s u l t s  , which w e r e  obtained 

by Evans [ l o l l  with t h e  a i d  of s p e c i a l  sondes and which showed high values  of 

ohmic e l e c t r i c a l  conduct iv i ty ,  cannot y e t  b e  considered s u f f i c i e n t l y  r e l i a b l e  , 
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I 
s i n c e  it is  not  lear how Evans excluded the i f luence  of convection curre ts  

flowing over  t h e  measuring e l e c t r o d e s  and t h e  c u r r e n t s  r e l a t e d  t o  e l e c t r o s t a t i c  

charges on these e l e c t r o d e s .  

S tudies  made i n  the  free atmosphere of t h e  t i m e  curve of changes i n  t h e  

p o t e n t i a l  g rad ien t ,  fol lowing immediately af ter  a l i g h t n i n g  s t r o k e ,  showed 

t h a t  t h e  ohmic and t u r b u l e n t  e l e c t r i c a l  c o n d u c t i v i t i e s  i n s i d e  a cloud are 

very g r e a t  [116, 531. For t h e  most probable r e l a x a t i o n  t i m e  of t h e  f i e l d ,  

approximately 1-3 seconds, t h e  t o t a l  electrical  conduct ivi ty  i n  t h e  cloud is  

about two orders  of magnitude h igher  than t h e  conduct iv i ty  i n  a pure atmosphere 

approximately a t  t h e  level of t h e  storm cloud c e n t e r .  Hence, c o l o s s a l  

e l e c t r i c a l  l o s s e s  develop i n s i d e  t h e  clouds,  which must be supplemented by t h e  

e l e c t r i c a l  machinery of t h e  thunderstorm i n  order  t h a t  l i g h t n i n g  may develop 

i n  t h e  cloud. 

129 

Methods of i s o l a t i n g  those cont r ibu t ions  which a r e  made by t h e  turbulen t  , 
convective and ohmic c o n d u c t i v i t i e s  from t h e  experimental  d a t a  have n o t  y e t  

been devised, s o  t h a t  the  method of determining t h e  c h a r a c t e r i s t i c s  of cloud 

turbulence on t h e  b a s i s  of observat ions of t h e  r e s t o r a t i o n  of t h e  e l e c t r i c a l  

f i e l d  fol lowing a discharge i s  n o t  y e t  c l e a r .  The development of appropr ia te  

methods w i l l  provide t h e  i n v e s t i g a t o r  with a t o o l  t h a t  w i l l  al low him t o  

diagnose the  i n t e r n a l  s t a t e  of clouds with t h e  a i d  of apparatus  loca ted  outs ide  

them. 

It i s  c l e a r  t h a t ,  i f  t h e  e lectr ical  l o s s e s  i n s i d e  a cloud are not  cons tan t ,  

they must b e  c a l c u l a t e d  i n  some way f o r  p r e d i c t i n g  thunderstorms. 

To  eva lua te  t h e  i n t e n s i t y  of charging i n  clouds,  as w e l l  as t h e i r  r o l e  

i n  t h e  c r e a t i o n  and maintenance of a charge on t h e  ground,, i t  is important t o  

know t h e  c u r r e n t s  which are flowing o u t s i d e  t h e  cloud, above and below i t .  

Under average s t a t i o n a r y  condi t ions,  when t h e  cloud charges do n o t  change 

s i g n i f i c a n t l y ,  t h e  t o t a l  c u r r e n t s  flowing under t h e  cloud ( inc luding  t h e  average 
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l i g h t n i n g  cur ren t )  are equal  t o  the c u r r e n t  above t h e  cloud. A summary of 

d a t a  on t h e  electrical  c u r r e n t s  above thunderstorm clouds,  c a l c u l a t e d  on t h e  

b a s i s  of d a t a  from t h e  measurements of t h e  e lectr ical  f i e l d  p o t e n t i a l  g rad ien t  

above them and d a t a  on t h e  electrical  conduct ivi ty  of t h e  air, i s  shown i n  

Table 1.8. 

The electrical  c u r r e n t s  above thunderstorm clouds have been measured i n  

only a few geographical regions.  

t o  i n c r e a s e  above thunderstorm clouds toward t h e  south.  W e  have by no means 

enough d a t a  i n  order  t o  extend them, a s  i s  o f t e n  done, t o  more l a r g e r  

regions and t o  use them f o r  judging t h e  c o n t r i b u t i o n  made by thunderstorms t o  

t h e  t o t a l  electrical  f i e l d  of t h e  ground. Measurements of e lectr ical  c u r r e n t s  

above thunderstorms i n  var ious  reg ions ,  and p r i m a r i l y  i n  t h e  t r o p i c s ,  may h e l p  

t o  so lve  t h i s  problem, as w e l l  as t o  determine t h e  c o n t r i b u t i o n  of t h e  world- 

wide thunderstorm f o c i  t o  t h e  e lectr ical  f i e l d  of t h e  ground. This ,  i n  t u r n ,  

could t u m  out  t o  b e  very va luable  i n  so lv ing  t h e  problem of us ing  d a t a  on 

atmospheric e l e c t r i c i t y  as i n d i c a t o r s  of t h e  t r o p i c a l  (and perhaps general)  

c i r c u l a t i o n  of t h e  atmosphere. W e  cannot a f f o r d  going i n t o  d e t a i l  on 

t h i s  problem w i t h i n  t h e  framework of t h i s  booklet .  

estimates of  t h e  i n t e n s i t y  of t h e  charging processes  of clouds [87, 881 and 

t h e  r o l e  of thunderstorm clouds i n  t h e  charging of t h e  ground are based on t h e  

assumption t h a t  t h e  cur ren t  above an i n d i v i d u a l  thunderstorm cloud and wi th in  

i t  i s  equal  t o  0.5 - 1 A. The e lectr ical  conduct iv i ty  cur ren t  wi th in  t h e  cloud 

be ing  on t h e  order  of 0 .1  A/km , t h e  charge generat ion rate must be 0.1-1 

C/km /second. 

There is  a general  tendency f o r  t h e  cur ren t  

L e t  us recall  t h a t  modem 

2 

2 

130 Turning t o  t h e  micros t ruc ture  of a thunderstorm cloud, le t  us note  -- 
t h a t  we have p r a c t i c a l l y  no experimental  d a t a  on the charge of cloud p a r t i c l e s  

i n  thunderstorm clouds. W e  have only t h e  measurements of B. P h i l l i p s  and 

B. Kin tser  (see Table 1.6), which i n d i c a t e  t h a t  t h e  charges on cloud p a r t i c l e s  

are high. 
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According t o  t h e  measurement r e s u l t s  [42, 111, 1561 we s t i l l  are 

unable t o  put  toge ther  a general  p i c t u r e  of charge d i s t r i b u t i o n  on 

t h e  p r e c i p i t a t i o n  p a r t i c l e s  i n  thunderstorms and r a i n  clouds and d i r e c t l y  

above them. 

charged s i m i l a r l y .  

and r a i n  clouds are h igh  and amount t o  10 

i n  [ 261 (thunderstorm clouds) ,  they sometimes reach b o r d e r l i n e  values.  Thus, 

J. Latham and S .  Stow [124] found that the h i g h e s t  charges (up t o  3-10 C) 

are e x h i b i t e d  by complexly s t r u c t u r e d  p a r t i c l e s  ( see  page 27) . According t o  

t h e i r  measurements , both  p o s i t i v e l y  and negat ive ly  charged hydrometeors have 

been found a t  a l l  levels w i t h i n  clouds,  b u t  t h e  relative number of t h e  former 

i n c r e a s e  w i t h  an i n c r e a s e  i n  a i r  temperature.  

W e  know t h a t  there are extens ive  cloud zones where p a r t i c l e s  are 

The charges on t h e  p r e c i p i t a t i o n  p a r t i c l e s  i n  thunderstorm 

According t o  the d a t a  -11 - 10-l' C. 

-10 
* 

I f  w e  can c a l c u l a t e  the  cur ren t  dens i ty  of t h e  p r e c i p i t a t i o n  from r e s u l t s  

of d i r e c t  measurements of the  charge on cloud p a r t i c l e s  i n  thunderstorms [57, 

70, 71, 721 ,  i t  w i l l  be  found t o  be g r e a t  and t o  reach 0 .1  A/km . However, a 

s l i g h t  c u r r e n t  reaches t h e  ground. According t o  a survey of d a t a  publ ished 

by B. Mason [ S I ,  t h e  cur ren t  dens i ty  f o r  t h e  major i ty  of thunderstorms i s  

near ly  A/km , although i t  may reach 10 A/km o r  even more f o r  i n d i v i d u a l  

thunderstorms, i .e.  , t h e  cur ren t  from p r e c i p i t a t i o n  i n  clouds i s  much g r e a t e r  

than t h e  cur ren t  which flows o u t s i d e  them. Obviously, t h i s  has something t o  

do with the  f a c t  t h a t  a considerable  p o r t i o n  of the  cur ren t  i n  t h e  cloud prec i -  

p i t a t i o n  goes t o  compensate f o r  e l e c t r i c a l  l o s s e s  i n  them. 

2 

2 -2 2 

I n  c los ing  our  survey of modem d a t a  on t h e  e l e c t r i c a l  p r o p e r t i e s  of 

clouds,  l e t  us note  t h a t  recent  s t u d i e s  have made it  poss ib le  t o  obta in  sys te -  

mat ic  da ta  f o r  s e v e r a l  phys ica l  geographic a r e a s  on t h e  macroe lec t r ic  s t r u c t u r e  

of clouds and t h e  i n t e n s i t y  of processes  i n  clouds,  and has  revealed i n  c e r t a i n  

a r e a s  of clouds a s i g n i f i c a n t  d i f f e r e n c e  between e l e c t r i c a l  c h a r a c t e r i s t i c s  

and i n  average values.  The s t u d i e s  have a l s o  made it  p o s s i b l e  t o  g a t h e r  

information on m i c r o e l e c t r i c a l  c h a r a c t e r i s t i c s  and e l e c t r i c a l  conduct ivi ty  of  

t h e  a i r  i n  i n d i v i d u a l  clouds i n  c e r t a i n  areas. It has  become clear t h a t  clouds 
_ _ _ _ _  - _ _ _  __ * 
T r a n s l a t o r ' s  Note: This  i s  found on page 30. 

35 



of s i m i l a r  types  may d i f f e r  s i g n i f i c a n t l y  i n  their  e lectr ical  p r o p e r t i e s  under 

d i f f e r e n t  phys ica l  geographic condi t ions.  Even i n  a given region,  t h e  proper- 

t ies of i n d i v i d u a l  clouds are very d i f f e r e n t ,  and i t  is necessary  t o  s tudy t h e  

s t a t i s t i ca l  c h a r a c t e r i s t i c s  when they are combined, i n  o r d e r  t o  make meaningful 

comparisons of t h e  v a r i a b i l i t y  of t h e  cloud p r o p e r t i e s  i n  t i m e  and space. 

p a r t i c u l a r ,  i t  is impossible t o  " s t i c k  together",  as i s  necessary  t o  do today, 

i d e a s  regarding clouds on t h e  b a s i s  of measurements of i n d i v i d u a l  e l e c t r i c a l  

c h a r a c t e r i s t i c s  i n  d i f f e r e n t  clouds,  developing under d i f f e r e n t  phys ica l  and 

geographic condi t ions.  Therefore , regard less  of t h e  successes  which have been 

achieved, w e  must recognize t h e  f a c t  t h a t  t h e  e l e c t r i c i t y  of thunderstorm clouds,  

l i k e  t h e  e l e c t r i c i t y  of clouds of o t h e r  types,  has  n o t  been adequately s t u d i e d .  

Extremely l i t t l e  has  been done i n  t h e  f i e l d  of c o l l e c t i n g  combined material 

c h a r a c t e r i z i n g  simultaneously both t h e  macro- and t h e  micro-physical e l e c t r i c a l  

and n o n e l e c t r i c a l  c h a r a c t e r i s t i c s  of an i n d i v i d u a l  clouds.  However, i t  seems 

t o  us t h a t  i t  i s  only on t h e  b a s i s  of such measurements t h a t  one can proceed 

from a d e s c r i p t i v e  t o  a phys ica l  p i c t u r e  of t h e  development of c louds,  during 

whose l i f e t i m e  e l e c t r i c a l  c h a r a c t e r i s t i c s  may play an important r o l e ,  as f o r  

example, N s ,  Cu cong, and Cb. It i s  necessary t o  c a r r y  out  complex s t u d i e s  of  

t h e  e l e c t r i c a l  p r o p e r t i e s  of clouds of c h a r a c t e r i s t i c  phys ica l  geographic 

regions,  i n  combination with s t u d i e s  of o t h e r  p h y s i c a l  cloud c h a r a c t e r i s t i c s ,  

i n  order  t o  obta in  a complete p i c t u r e  of t h e i r  e l e c t r i c a l  s ta te  and t h e  f a c t o r s  

respons ib le  f o r  t h e i r  development. 

I n  
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CHAPTER I1 

CAUSES LEADING TO THE ELECTRIFICATION OF CLOUDS 

L e t  us determine how t h e  electrical c h a r a c t e r i s t i c s  of clouds arise. 

This i s  n o t  a new problem, and beginning wi th  M. V. Lomonosov, t h e  author  of 

t h e  f i r s t  theory expla in ing  the development of cloud e l e c t r i c i t y ,  i n v e s t i g a t o r s  

have been f r y i n g  t o  answer i t .  Labora tory  and t h e o r e t i c a l  s t u d i e s  have made 

it  p o s s i b l e  t o  e s t a b l i s h  an a r r a y  of w a t e r  and ice e l e c t r i f i c a t i o n  mechan- 

i s m s  and t o  suggest  a h o s t  of t h e o r i e s  and hypotheses expla in ing  e l e c t r i f i -  

c a t i o n  of clouds based on these  mechanisms. The major i ty  of t h e o r i e s ,  hypo- 

theses  and schemes, although they are very i n t e r e s t i n g ,  appeared a t  a t i m e  

when t h e  e lectr ical  c h a r a c t e r i s t i c s  of clouds were not known, and consequent 

comparison w i t h  f a c t s  has  revealed t h a t  they w e r e  n o t  i n  a p o s i t i o n  t o  expla in  

t h e  phenomena t h a t  w e r e  observed i n  t h e  atmosphere. The scope and i n t e n t  

of t h i s  book w i l l  n o t  a l low us t o  consider  t h e  h i s t o r y  of t h e  problem i n  

d e t a i l .  W e  w i l l  l i m i t  ourse lves  t o  modem t h e o r i e s  and views, although they 

are becoming increas ingly  incapable  of r e f l e c t i n g  t h e  t r u e  s i t u a t i o n .  

I n  t h e  present  paper,  an attempt has  been made t o  answer t h e  quest ions 

of how cloud p a r t i c l e s  and p r e c i p i t a t i o n  p a r t i c l e s  become charged, how macro- 

e lectr ic  c h a r a c t e r i s t i c s  of clouds develop , how t h e s e  c h a r a c t e r i s t i c s  a f f e c t  

the  development of clouds,  and f i n a l l y  how probable i t  i s  t h a t  t h e  e lectr ical  

c h a r a c t e r i s t i c s  of clouds and t h e i r  development are c o n t r o l l e d  by e l e c t r i c a l  

f a c t o r s .  

The e lectr ical  s t r u c t u r e  of clouds develops as t h e  r e s u l t  of i n t e r a c t i o n  

of two groups of processes.  The first inc ludes  those  which r e i n f o r c e  t h e  
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e l e c t r i f i c a t i o n  of clouds. They inc lude  p r i m a r i l y  those  processes  which l e a d  

t o  an accumulation of charges on the cloud and p r e c i p i t a t i o n  p a r t i c l e s ,  as 

w e l l  as t h e  processes  that l e a d  t o  t h e  s e p a r a t i o n  i n  t h e  clouds of masses of 

p a r t i c l e s  charged wi th  d i f f e r e n t  electrical  s i g n s ,  o r  t o  t h e  accumulation of 

charges of one s i g n  o r  another  i n  the cloud. 

The second group inc ludes  those  processes  t h a t  prevent  e l e c t r i f i c a t i o n  

of t h e  clouds. Accumulation of charges on an i n d i v i d u a l  p a r t i c l e  i s  l i m i t e d ,  

s i n c e  they a r e  l o s t  due t o  e lectr ical  conduct ivi ty  of t h e  a i r  i n  t h e  space 

surrounding t h e  p a r t i c l e ,  as w e l l  a s  c o l l i s i o n s  w i t h  o t h e r  p a r t i c l e s  t h a t  have 

t h e  opposi te  s i g n  on t h e i r  charges o r  are r e l a t i v e l y  weakly charged. Accumu- 

l a t i o n  of space charges i n  a cloud and growth of e l e c t r i c a l  f i e l d s  i n  t h e  

e n t i r e  volume are both counteracted by t h e  conduct iv i ty  c u r r e n t s  t h a t  flow t o ,  -. . 

t h e  charged areas and c u r r e n t s  formed by a i r  movements, i . e . ,  e l e c t r i c a l  

c u r r e n t s  of  tu rbulen t  d i f f u s i o n  and convection. It is  obvious t h a t  t h e  more 

active t h e  f i r s t  group of processes ,  t h e  g r e a t e r  t h e  charges t h a t  w i l l  develop 

on t h e  i n d i v i d u a l  p a r t i c l e s .  The l a r g e r  t h e s e  p a r t i c l e s ,  t h e  g r e a t e r  t h e  rate 

of s e p a r a t i o n  i n  space of t h e  d i f f e r e n t l y  charged p a r t i c l e s  and t h e  g r e a t e r  

t h e  e l e c t r i c a l  f i e l d s  t h a t  w i l l  develop i n  t h e  clouds. The more a c u t e  t h e  

second group of processes ,  t h e  smaller  t h e  e l e c t r i c a l  f i e l d s  t h a t  w i l l  be generated 

by t h e  clouds. Quas is ta t ionary  condi t ions of the  e l e c t r i c a l  s t a t e  of t h e  

clouds a r e  obviously achieved with equal  rates of accumulation and t h e  l o s s  of 

charges formed by t h e  two groups of processes .  Predominance of t h e  f i r s t  group 

of processes over  t h e  second leads  t o  an i n c r e a s e  i n  t h e  e l e c t r i f i c a t i o n  of 

t h e  cloud; dominance of t h e  second over t h e  f i r s t  l eads  t o  a l o s s  of e l e c t r i -  

f i c a t i o n .  It i s  obvious t h a t  t h e  d i r e c t i o n  of n a t u r a l  e l e c t r i f i c a t i o n ,  a s  w e l l  

a s  t h a t  which develops during a c t i v e  exposures, i s  determined by t h e  r a t i o  of 

t h e  two groups of processes .  

- /33 

It must be pointed o u t  t h a t  bo th  groups of processes  are c l o s e l y  related 

However, f o r  t h e  sake of s i m p l i c i t y ,  w e  w i l l  view t h e  processes  of charge 

accumulation on the  p a r t i c l e s  s e p a r a t e l y  from t h e  processes  of accumulation 

i n  t h e  clouds.  



9 1. E l e c t r i f i c a t i o n  of  P a r t i c l e s  i n  Clouds and P r e c i p i t a t i o n  

With all of t h e  d i v e r s i t y  i n  t h e  p a r t i c l e  e l e c t r i f i c a t i o n  mechanisms, 

they can b e  divided i n t o  two b a s k  classes: 

1. E l e c t r i f i c a t i o n  assoc ia ted  w i t h  t h e  capture  of a i r  ions by p a r t i c l e s .  

2. E l e c t r i f i c a t i o n  a s s o c i a t e d  with exchange of charges between p a r t i c l e s  

(developing e i t h e r  fol lowing i n t e r r u p t i o n  of contact  between them o r  a f t e r  

t h e i r  d i s i n t e g r a t i o n ) .  

Both kinds of e l e c t r i f i c a t i o n  can take  p lace  i n  d i f f e r e n t  ways i n  t h e  

presence and absence of an e x t e r n a l  e lectr ical  f i e l d .  
t .  

E l e c t r i f i c a t i o n  associat-e-d wi-th capture  -of a i r  -ions- by p a r t i c l e s .  L e t  

us consider  t h e  c h a r a c t e r i s t i c s  of t h e  f i r s t  type of e l e c t r i f i c a t i o n .  This 

type of e l e c t r i f i c a t i o n  can a r i s e  i f  t h e  f l u x e s  of p o s i t i v e  o r  nega t ive  a i r  

ions  onto t h e  p a r t i c l e  a r e  not  equal  when they have a zero charge. 

f o r  t h e  i n e q u a l i t y  may be,  f i r s t  of a l l ,  a d i f f e r e n t  concentrat ion and a d i f -  

f e r e n t  mobil i ty  of t h e  p o s i t i v e  and negat ive a i r  i o n s ,  and secondly, a d i f f e r -  

e n t  a b i l i t y  of t h e  p a r t i c l e  of t h e  given type t o  capture  a i r  i o n s  of  d i f f e r e n t  

The reason 

p o l a r i t i e s .  I n  addi t ion ,  e l e c t r i f i c a t i o n  of a p a r t i c l e  a l s o  takes  place /34 
because t h e  process  of capture  of the  a i r  ion  i t s e l f  by t h e  p a r t i c l e  has  a 

random nature .  The condi t ions  of equi l ibr ium a r i s e  a t  a s p e c i f i c  d i s t r i b u -  

t i o n  of charges on t h e  p a r t i c l e s .  A l l  of t h e  e l e c t r i f i c a t i o n  mechanisms t h a t  

have been measured are combined uner t h e  common heading of t h e  e l e c t r i f i c a t i o n  

d i f f u s i o n  process.  This process  of e l e c t r i f i c a t i o n  has  been s tudied  i n  great-  

es t  d e t a i l  t h e o r e t i c a l l y ,  with a number of s impl i fy ing  suggest ions regarding 

t h e  condi t ions a t  t h e  p a r t i c l e - a  r i n t e r f a c e  and on t h e  uniform d i s t r i b u t i o n  

of t h e  concentrat ion of a i r  ions  i n  space n e a r  t h e  p a r t i c l e  ( f o r  example, 

[80, 86, 1121). 
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A general  form of the express ion  descr ib ing  the d i s t r i b u t i o n  of p a r t i c l e s  

having t h e  capaci tance C y  on t h e  basis of t h e  number of  elementary charges x 
on a p a r t i c l e ,  is  given, f o r  example, by Yu. S. Sedunov [ 8 0 ] :  

where v(x)  is t h e  number of p a r t i c l e s  having x elementary charges , vo is t h e  

t o t a l  number of p a r t i c l e s ,  e is the value of t h e  elementary charge, P i s  t h e  

number of charges of t h e  a i r  ion ,  k i s  Boltzmann’s cons tan t ,  T i s  absolu te  

temperature,  n+, u+ and n - , u- are t h e  concentrat ion and mobi l i ty  of t h e  

p o s i t i v e  and negat ive  a i r  ions ,  respec t ive ly .  

Yu. S. Sedunov d i d  nat t a k e  t h e  d i f f e r e n t - - ” a f f i n i t y ”  of t h e  p a r t i c l e s  

t o  a i r  ions  of d i f f e r e n t  p o l a r i t y  i n t o  account,  b u t  i t  s e e m s  from general  con- 

s i d e r a t i o n s  t h a t  t h i s  is easy  t o  do t h e o r e t i c a l l y ,  by in t roducing  under t h e  

s i g n  of zn a c o e f f i c i e n t  y which i n d i c a t e s  t h e  r e l a t i v e  capture  a b i l i t y  of 

air  ions  of d i f f e r e n t  p o l a r i t i e s  by p a r t i c l e s  of a given type. 

The v a l i d i t y  of Equation (2.1) was checked under labora tory  condi t ions 

i n  a h ighly  ion ized  volume of a i r  t h a t  had been s p e c i a l l y  p u r i f i e d  p r i o r  t o  

t h e  formation of fog ,  f o r  example, by Gann [113]. H e  showed t h a t  charging 

of micron s i z e  p a r t i c l e s  fol lows t h e  law (2.1). However, t h e  

numerous measurements of p a r t i c l e  charges i n  s t r a t u s  clouds and fogs t h a t  have 

been performed pr imar i ly  by Soviet  i n v e s t i g a t o r s  ( see  Table 1.6) have shown 

t h a t  , even i n  those cases when a symmetrical charge i s  observed (n 

t h e  absolu te  average va lues  ( rad ius  r = 2-10 microns) i s  approximately 

an order  of magnitude l a r g e r  than t h e  ones pred ic ted  by theory,  although t h e  

l a w  of d i s t r i b u t i o n  v(x )  which is  observed i n  p r a c t i c e  is  t h e  same as t h a t  

pred ic ted  by theory [80, 86, 1121. I n  o t h e r  words, the d ispers ion  u of t h e  

observed d i s t r i b u t i o n  v (x) , r = const i s  considerably l a r g e r  than t h e  t h e o r e t i -  

c a l l y  pred ic ted  value u . I n  addi t ion ,  t h e  dependence of [;fl on r as predic ted  

u Q n , u-) , +’ + Q  - 

2 
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by theory has  t h e  form 1x1 = a&, while  t h e  observed r e l a t i o n s h i p  i n  t h e  /35 
range r = 2-10 microns 1x1 = b r ,  where a and b are cons tan t  c o e f f i c i e n t s .  

I n  order  t o  e l i m i n a t e  t h e  d i f f i c u l t y  of expla in ing  t h e  observed l a r g e  

1x1 i n  fog p a r t i c l e s ,  L. M. Levin [ 4 ] ,  applying t h e  theory of random wandering 

t o  t h e  problem of t h e  charge accumulation on t h e s e  p a r t i c l e s  and suggest ing 

t h e  p o s s i b i l i t y  of coagulat ion of s i m i l a r l y  charged p a r t i c l e s  i n  t h e  m i c r o n s i z e  

range, pointed out  a method of expanding t h e  d i s p e r s i o n  i n  t h e  charge d i s t r i -  

but ion on p a r t i c l e s ,  and hence, a method of i n c r e a s i n g  t h e  average absolu te  

charge on t h e  p a r t i c l e s .  

However, a g r e a t  dea l  of t i m e  i s  required f o r  e s t a b l i s h i n g  t h e  s t a t i o n a r y  

d i s t r i b u t i o n  of t h e  charges, i .e . ,  f o r  ob ta in ing  t h e  c a l c u l a t e d  values  of U. 

A s  a matter of f a c t ,  t h e  d e l i v e r y  of ions  i n t o  t h e  atmosphere i s  l i m i t e d  

(approximately t e n  p a i r s  of ions  a r e  formed i n  t h e  troposphere i n  1 cc per  

second),  while t h e  consumption of ions  f o r  d i f f u s i o n  random charging i s  g r e a t  

due t o  t h e  considerable  p r o b a b i l i t y  of capture  by t h e  p a r t i c l e s  of both posi- 

tive and negat ive  ions .  This was c l e a r l y  demonstrated by L. S. Mordovina [70 ]  

who continued t h e  c a l c u l a t i o n s  of L. M. Levin and performed new c a l c u l a t i o n s  

f o r  es t imat ing  t h e  t i m e  requi red  f o r  e s t a b l i s h i n g  s t a t i o n a r y  charge d i s t r i -  

but ion.  

charges on p a r t i c l e s  a t  t h e  va lues  o f  0 observed i n  p r a c t i c e  r e q u i r e s  s e v e r a l  

hours,  while  i n  r e a l i t y  such a d i s t r i b u t i o n  i s  e s t a b l i s h e d  r e l a t i v e l y  quickly.  

She showed t h a t  t h e  establ ishment  of a s t a t i o n a r y  d i s t r i b u t i o n  of 

Hence, t h e r e  are no t h e o r i e s  a t  t h e  present  t i m e  which expla in  t h e  

charging of p a r t i c l e s  i n  t h e  "simplest" types of clouds ( s t r a t u s )  and i n  fogs. 

The known t h e o r i e s  of charging of n a t u r a l  cloud and fog p a r t i c l e s  of micron 

s i z e  are i n s u f f i c i e n t .  

The s tudy  of t h e  reasons f o r  e l e c t r i f i c a t i o n  of f i n e  p a r t i c l e s  of fogs 

and clouds is incomplete, and a d d i t i o n a l  experimental  and t h e o r e t i c a l  s t u d i e s  

are necessary.  

41 



The e x i s t e n c e  of the selective a b i l i t y  of  fog o r  cloud p a r t i c l e s  t o  

capture  a i r  i o n s  of d i f f e r e n t  p o l a r i t i e s  which w a s  proposed by Y a .  I. Frenkel '  

[9] h a s  n o t  y e t  been experimental ly  confirmed. The i d e a s  expressed along t h i s  

l i n e  are prel iminary i n  n a t u r e  and r e q u i r e  d e t a i l e d  experimental  study. 

would be i n t e r e s t i n g  t o  perform d i r e c t  o r  i n d i r e c t  measurement of  electrical  

charges of i n d i v i d u a l  condensation n u c l e i ,  on which p a r t i c l e s  of fog o r  clouds 

form. 

i n g  of p a r t i c l e s  of micron s i z e  wi th in  t h e  framework of t h i s  brochure,  and 

r e f e r  t h e  reader  t o  t h e  o r i g i n a l  works 1 4 ,  67, 68, 1051. 

It 

W e  are unable t o  dwell  i n  g r e a t e r  d e t a i l  on problems of d i f f u s i o n  charg- 

Charges on cloud p a r t i c l e s  measuring 10-100 microns i n  r a d i u s  have b a r e l y  

been measured. However, i t  is  p r e c i s e l y  i n  t h i s  s i z e  range t h a t  a t r a n s i t i o n  

takes  p lace  from comparatively s m a l l  charges on s m a l l  p a r t i c l e s  t o  r a t h e r  

l a r g e  charges on p r e c i p i t a t i o n  p a r t i c l e s .  The va lues  of t h e  charges on t h e  

p r e c i p i t a t i o n  p a r t i c l e s  cannot be explained completely by t h e  d i f f u s i o n  theory.  

- I 3 6  

When t h e  p r e c i p i t a t i o n  p a r t i c l e s  f a l l  i n  an electr ical  f i e l d ,  condi t ions  

are formed f o r  t h e  charging o f  t h e  p a r t i c l e s ,  a mechanism which w a s  proposed 

by Wilson [170] and worked out t h e o r e t i c a l l y  by Chalmers and Whipple [14] and 

by Drukarev [61]. 

i t ies  on a drop develops due t o  t h e  f a c t  t h a t  t h e  speeds of the drops and t h e  

flows of ions  of one p o l a r i t y ,  moving the f i e l d ,  are combined and, of 

another p o l a r i t y ,  s u b t r a c t e d .  

t h i s  case is  determined by t h e  mobi l i ty  of t h e  ions  of one o r  another ,  t h e  

rate of f a l l  of the drop, and t h e  magnitude of t h e  p o t e n t i a l  g rad ien t  E of  t h e  

e l e c t r i c a l  f i e l d  of t h e  atmosphere. 

The d i f f e r e n c e  i n  t h e  flows of a i r  i o n s  of d i f f e r e n t  polar-  

The va lue  of t h e  equi l ibr ium change i n  q, i n  

The charging of r a i n  drops,  when t h e i r  rate of f a l l  is  g r e a t  i n  comparison 

t o  t h e  rate of i o n  movement and wi th  equal  p o l a r  e lectr ical  c o n d u c t i v i t i e s ,  i s  

where E is t h e  d i e l e c t r i c  constant  of t h e  medium and r is  the rad ius  of t h e  

raindrop. 
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This  mechanism may b e  employed i n  a number of cases t o  e x p l a i n  t h e  

charging of  p r e c i p i t a t i o n  d r o p l e t s  i n  s t r o n g  f i e l d s  under r a i n  clouds,  and 

a l s o  the overcharging of  p r e c i p i t a t i o n  p a r t i c l e s  when they f a l l  i n  an electri-  

cal  f i e l d  beneath t h e  clouds, e s p e c i a l l y  t h e  above-mentioned lack of agreement 

between t h e  c a l c u l a t e d  flow of p r e c i p i t a t i o n  i n  t h e  clouds and t h a t  measured 

on t h e  ground. 

The i m p o s s i b i l i t y  of using t h e  d i f f u s i o n  mechanism i n  its present  form 

t o  e x p l a i n  charges of the observed magnitude on fog and cloud p a r t i c l e s  of 

micron s i z e  and t h e  complete i m p o s s i b i l i t y  of expla in ing  i t  by t h e  development 

of l a r g e  e lectr ical  charges on l a r g e r  p a r t i c l e s ,  inc luding  fog  p a r t i c l e s  , has 

made i t  necessary t o  seek o t h e r  mechanisms f o r  t h e  charging of hydrometeors. 

E l e c t r i f i c a t i o n  of p a r t i c l e s  o f L l o u d s  and p r e c i p i t a t i o n ,  i n v o l v i n g  

exchange of charges between p a r t i c l e s .  

shown t h a t  d i s r u p t i o n  of t h e  contact  between p a r t i c l e s  of water  and ice i n  

any combination (water-ice , i ce- ice  , water-water) o r  d e s t r u c t i o n  of t h e  p a r t i -  

cles l e a d s  t o  t h e  development of charges on the p a r t i c l e s  that  p a r t i c i p a t e  i n  

t h i s  event .  

l o g i c a l l y  than  phys ica l ly ,  t h e  condi t ions under which e l e c t r i f i -  

c a t i o n  took p l a c e  when d r o p l e t s  o r  snowflakes w e r e  destroyed (ba l loef  f e c t )  , 
e l e c t r i f i c a t i o n  when t h e  d r o p l e t s  s t r u c k  a cold,  i c y ,  rough s u r f a c e ,  when they 

s t r u c k  a cold sur face ,  when t h e  d r o p l e t s  s t r u c k  a l a y e r  of r i m e  , and t h e  

growth of r i m e  ( f o r  example, [5]). Almost each one of t h e s e  s t u d i e s  of t h e  

Numerous labora tory  experiments have 

The f i r s t  s t u d i e s  i n  t h i s  area described i t  more phenomeno- 

e l e c t r i f i c a t i o n  process w a s  accompanied by a theory of e l e c t r i f i c a t i o n  f o r  /37 
both t h e  p a r t i c l e s  of t h e  clouds and p r e c i p i t a t i o n ,  a s  w e l l  as t h e  clouds as 

a whole, based on a s i m i l a r  mechanism. The s t u d i e s  of e l e c t r i c a l  and micro- 

phys ica l  c h a r a c t e r i s t i c s  of clouds made i t  p o s s i b l e  t o  l i m i t  t o  some degree 

the u n i v e r s a l  a p p l i c a t i o n  of these  mechanisms. 

that t h e  b a l l o e f f e c t  of w a t e r  d r o p l e t s  may only take place  i n  very l a r g e  drops 

of p r e c i p i t a t i o n  (mainly from cumulonimbus clouds).  The impact of drops on a 

l a y e r  of r i m e  

It became c l e a r ,  f o r  example, 

is p o s s i b l e  only i n  s p e c i f i c  r a r e  condi t ions when r e l a t i v e l y  
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l a r g e  d r o p l e t s  develop i n  a cloud where the v e l o c i t y  of the v e i c i c a l  c u r r e n t s  

is s m a l l ;  etc. 

i n  clouds w i t h  a s t r u c t u r e  which would have developed under the inf luence  of 

a c e r t a i n  m e c h a n i s m ,  and t h e  electrical e f f i c i e n c y  of var ious  e l e c t r i f i c a t i o n  

mechanisms w a s  compared w i t h  a c t u a l l y  observed rates of  e l e c t r i f i c a t i o n  (see, 

f o r  example, [5, 4 6 ,  47, 501). 
could b e  respons ib le  f o r  the e l e c t r i f i c a t i o n  of clouds decreased sharp ly  from 

several dozen t o  less than  ten.  

It w a s  p o s s i b l e  t o  compare t h e  s t r u c t u r e  of electrical charges 

As a r e s u l t ,  the number of mechanisms which 

An increas ing  amount of a t t e n t i o n  has  begun t o  b e  focussed on t h e  phys ica l  

c h a r a c t e r i s t i c s  of t h e  e l e c t r i f i c a t i o n  process  and i t s  agreement wi th  condi- 

t i o n s  t h a t  a c t u a l l y  e x i s t  i n  c louds.  

Theories of e l e c t r i f i c a t i o n  must expla in  how charges Q are s t o r e d  on pre- 

c i p i t a t i o n  p a r t i c l e s  which f requent ly  a r e  many t i m e s  g r e a t e r  than t h e  charges 

q crea ted  i n  i n d i v i d u a l  acts of e l e c t r i f i c a t i o n .  Data f o r  Q and q taken from 

several au thors  are l i s t e d  i n  Table 2.1. The charges on t h e  p r e c i p i t a t i o n  par- 

t i c l e s  w e r e  measured under n a t u r a l  condi t ions ,  while t h e  q v a l u e  w a s  obtained 

under labora tory  condi t ions.  There i s  a considerable  d i f f e r e n c e  between t h e  

charges appearing on t h e  p a r t i c l e s  a t  a s i n g l e  contac t  and t h e  charges on t h e  

p a r t i c l e s  of p r e c i p i t a t i o n .  I n  t h e  case of explosions of f r e e z i n g  p a r t i c l e s ,  

l a r g e  charges (see below) may appear on t h e  remnant of t h e  p a r t i c l e ,  but  they  

are less i n  magnitude than t h e  charges on t h e  p r e c i p i t a t i o n  p a r t i c l e s  i n  thun- 

derstorms. L e t  us  d i r e c t  our  a t t e n t i o n  t o  t h e  considerable  v a r i a t i o n  of t h e  

r e s u l t s  of labora tory  experiemnts as presented i n  Table 2.1,  al though an evalu- 

a t i o n  of t h e  reasons f o r  t h i s  l ies  o u t s i d e  t h e  framework of t h i s  work. 

It i s  p a r t i c u l a r l y  d i f f i c u l t  t o  expla in  t h e  e l e c t r i f i c a t i o n  of the 

p a r t i c l e s  of w a r m  clouds,  s i n c e  it w a s  unclear u n t i l  r e c e n t l y  what t h e  primary 

processes respons ib le  f o r  th is  w e r e ,  bes ides  capture  of i o n s  from the a i r  

(obviously i n s u f f i c i e n t l y  powerful) .  A t  t h e  same t i m e ,  however, t h e  processes  

of e l e c t r i f i c a t i o n  a r e  sometimes q u i t e  i n t e n s i v e ,  S O  t h a t  i n  pure w a r m  clouds 

thunderstorms may develop, although under admittedly very s p e c i f i c  condi t ions 

t h a t  r a r e l y  develop. 
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The f a i l u r e  of agreement which w e  noted between t h e  charges i s  reduced 

t o  a considerable  degree (and even disappears)  i f  w e  v i e w  t h e  accumulation of 

charges on p r e c i p i t a t i o n  p a r t i c l e s  as an e f f e c t  produced by t h e  c o l l e c t i v e  

a c t i o n  of cloud p a r t i c l e s  on a p r e c i p i t a t i o n  p a r t i c l e .  I i 

TABLE 2.1. CHARGES ON PARTICLES OF PRECIPITATION (Q) AND CHARGES - I38 
DEVELOPING ON PARTICLES (9) UNDER LABORATORY CONDITIONS ( 1 0 - l ~  E 

Source 
Experimental 

condi t ions 

A r t i f i c i a l  h a i l  
stone: 

i n  a flow of super  
cooled p a r t i c l e s  

i n  a flow of ice  
crystals 
20-50 microns 

Formation of 
c r y s t a l s  wi th  
f r e e z i n g  of t h e  
sur face  i n  a streti 
of droplets:  

wi th  f r e e z i n g  of 
t h e  s u r f a c e  

Explosion of 
f r e e z i n g  droplet ;  

l i m i t i n g  va lues  

average ab s o l u t  e 
values  

4 
Pbsolute 
fa lue f o r  
1 p a r t i c l e  

1.5 

L. 5*10-' 

1. 2'10-2 

7 d3 

20-270 

'L 10 

_ _  - - 

Q 

On t h e  ground 

:5, 19, 
84 1 

r 1111 

1421 

0.6-6 

1-9 

4-25 

9-20 

I n  t h e  cloud 

k and - 

k and - 100 

11-40 

18-60 

300- 
3000 
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I f  w e  diverge from the phenomenological aspec t  of  t h e  problem, t h e  

e l e c t r i f i c a t i o n  upon rupture  of the contac t  between t w o  p a r t i c l e s  is determined 

by t h e  d i f f e r e n c e  between t h e i r  chemical p o t e n t i a l  and t h e  charge t h a t  is 

separated on contac t  , 

where V i s  t h e  contac t  p o t e n t i a l  d i f f e r e n c e  f o r  a given form of charge 

carrier, C i s  t h e  capaci tance between t h e  p a r t i c l e s  a t  t h e  moment of r c p t u r e  
1,2 

1,2 
of t h e  e l e c t r i c a l  contac t  between them, t is  t h e  contact  t i m e  of t h e  p a r t i c l e s ,  

and T i s  t h e  r e l a x a t i o n  t i m e  determined by t h e  d i e l e c t r i c  constant  E and t h e  

electrical  conduct ivi ty  of the p a r t i c l e s  X 
r 

ry  . .. 

T h e  value V may be determined by t h e  temperature grad ien t  as is  set 

f o r t h  i n  the theory of e l e c t r i f i c a t i o n  of p a r t i c l e s  by Mason [ 5 ] .  

t h a t  t h e  concentrat ion of protons H+ i n  t h e  cold p a r t s  of an i c i c l e  o r  h a i l  

s tone  becomes l a r g e ,  and t h e  contact  between the warm and cold p a r t s  l e a d s  t o  

a p o s i t i v e  charge on the la t ter .  T h e  va lue  of V 

contact  of d i f f e r e n t  phases,  i n  which, f o r  example, t h e  mobi l i ty  of ions  OH- 

of H a n d t h e  a c t i v a t i o n  energy of t h e  ions  a r e d i f f e r e n t  [158]. Due t o  t h e  

i n t e r a c t i o n  of p a r t i c l e s  w i t h  d i f f e r e n t  c r y s t a l l i n e  s t r u c t u r e s  wi th  d i f f e r e n t  

concentrat ions and mobi l i ty  of d i s l o c a t i o n s  and d e f e c t s  [159] , owing t o  contact  

between materials of d i f f e r e n t  chemical composition (which may take place  

i n  warm clouds) ,  a combination of these f a c t o r s  may be e f f e c t i v e  ( f o r  

example, t h e  d i f f e r e n c e  i n  phases and d i f f e r e n t  chemical composition; the 

e f f e c t  of E .  Workman and S. Reynolds [172, 1731, e t c . ) .  

192 
Mason f e e l s  

may develop due t o  t h e  
1 , 2  

+ 

L e t  us r e c a l l  t h a t  Workman and Reynolds [172] and R i b e i r a  [ 1 4 3 ]  s t u d i e d  /39 
a very powerful process of e l e c t r i f i c a t i o n  which manifested i tself  under 
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l a b o r a t o r y  condi t ions  i n  p o t e n t i a l  d i f f e r e n c e s  during t h e  f r e e z i n g  process a t  

t h e  boundary of an ice-water i n t e r f a c e  containing weak s o l u t i o n s  of e l e c t r o -  

l y t e s ;  t h e  p o t e n t i a l  d i f f e r e n c e s  exceeded hundreds of v o l t s .  I n  c louds,  i n  

a d d i t i o n  t o  t h e  p o s s i b i l i t y ,  which they i n i t i a l l y  discussed [172],  of separa- 

t i o n  of w a t e r  from a cold h a i l  s tone ,  (which f e l l  i n  t h e  supercooled area of 

t h e  c loud) ,  the  mechanism of separa t ion  of supercooled d r o p l e t s  during freeziqg 

of t h e i r  s u r f a c e  a l s o  became poss ib le .  This mechanism was s tudied  i n  labora-  

t o r y  experiments by L. G .  Kachurin e t  a l .  [54, 211, B. Mason and J. Maybank 

[128], and a l s o  i n  d e t a i l  by Hutchinson and S c o t t  [154]. This mechanism 

turned out  t o  be s t rong  enough, even f o r  those i n t e n s i v e  e l e c t r i f i c a t i o n  pro- 

c e s s e s  which take  p lace  i n  thunderstorms (see,  f o r  example, [21, 501). 

A t  f i r s t  glance,  i t  appears t h a t  t h e  e l e c t r i f i c a t i o n  of p a r t i c l e s  r e l a t e d  

with t h i s  mechanism does not  take  place i n  the way described by Equation 

(2.3). It is  obvious t h a t  V cannot exceed 1-2 v o l t s ,  while i n  t h e  

Vorkman and Reynolds e f f e c t  between ice and water p o t e n t i a l  d i f fe rences  devel- 

oped which reached hundreds of v o l t s .  I n  r e a l i t y ,  however, as shown i n  

[43], during t h i s  e f f e c t  a d i f f e r e n c e  i n  p o t e n t i a l  V 

water-ice i n t e r f a c e ,  while t h e  magnitude of t h e  charges developed on both 

s i d e s  of the  boundary i s  equal  t o  q ,  t h e  capaci tance of the  dual  l a y e r  t h a t  

forms a t  t h e  f i r s t  moment i s  grea t  and amounts t o  approximately C = 10 cm 

p e r  1cm2 sur face  f o r  the  i n t e r f a c e .  

t h e  c r y s t a l l i z a t i o n  f r o n t ,  t h e  charges t h a t  are formed s e p a r a t e  from one 

another  a t  t h e  d i s t a n c e  at which the  capaci tance f a l l s  t o  C 2  = 1 0  t o  1 0  cm. 

I f  t h e  charge q d i d  n o t  leak away, t h e  d i f f e r e n c e  t h a t  developed i n  p o t e n t i a l  

1 , 2  

i s  e s t a b l i s h e d  a t  t h e  
1 ,2  

7 
1 

A s  a r e s u l t  of t h e  continuous movement of 

3 4 

3 4 
between t h e  two phases would be equal  t o  V lim = v1,2 ( c1/c2)= (10 - 10 1 VlY2' 

In r e a l i t y ,  V i s  less than the i n d i c a t e d  va lue  of Vlim due t o  t h e  leakage 

current .  

I n  a q u a s i s t a t i o n a r y  s t a t e  of the process (with a constant  v e l o c i t y  of 

the  i n t e r f a c e  between t h e  two phases) ,  t h e  leakage cur ren t  compensates a t  a 

c e r t a i n  p o t e n t i a l  V f o r  t h e  cur ren t  which tries t o  e s t a b l i s h  a contact  

d i f f e r e n c e  i n  p o t e n t i a l s  V on the moving i n t e r f a c e .  
192 
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1 
i 

I 
W e  can assume that Equation (2.3) descr ibes  a l l  the known cases of 

charge exchange between n e u t r a l  p a r t i c l e s .  
iE 

A l a r g e  p a r t i c l e  which receives a charge q a t  t h e  f i r s t  c o l l i s i o n  w i l l  

inlcrease i t s  charge c o l l i s i o n  with o t h e r  p a r t i c l e s  s i m i l a r  t o  t h e  f i r s t .  

I f  a p r e c i p i t a t i o n  p a r t i c l e  w i t h  rad ius  R c o l l i d e s  w i t h  uniform cloud p a r t i c l e s  

wi th  a rad ius  r, t h e  l i m i t i n g  p o t e n t i a l  Vlim and the l i m i t i n g  charge Q t o  

which i t  may b e  charged are given by a r e l a t i o n s h i p  t h a t  i s  v a l i d  f o r  R >> 1: 

[37, 381 

l i m  
- 140 

where A i s  a c o e f f i c i e n t  on t h e  order  of s e v e r a l  u n i t s  ( 3  - 8) .  Hence, excessive 

c o l l i s i o n s  can l e a d  (with any of the considered mechanisms f o r  e l e c t r i f i c a t i o n  

upon rupture  of contac t )  t o  a considerable  i n c r e a s e  i n  t h e  i n i t i a l  charge. I f  

w e  in t roduce  t h e  c o e f f i c i e n t  P ,  c h a r a c t e r i z i n g  the charge r a t i o  acquired by 

t h e  p r e c i p i t a t i o n  p a r t i c l e s  fol lowing a number of c o n t a c t s ,  t o  t h e  one which 

i t  acquires  upon breakage of t h e  i n i t i a l  contac t  P = Q/q, t h e  value of P can 

reach values  of lo5  t o  10 

disappears between t h e  magnitude of t h e  charges measured on t h e  d r o p l e t s  of 

p r e c i p i t a t i o n  and i n  t h e  labora tory  (Table 2 .1) .  

6 and even more. I n  t h i s  case, t h e  lack  of agreement 

Under real condi t ions,  the p r e c i p i t a t i o n  p a r t i c l e s  may c o l l i d e  w i t h  cloud 

p a r t i c l e s  which have chemical p o t e n t i a l s  bo th  h igher  and lower than those of 

the  p r e c i p i t a t i o n  p a r t i c l e s ;  t h e  number of c o l l i s i o n s  may t u r n  o u t  t o  be insuf -  

f i c i e n t  f o r  achieving t h e  threshold  charge. 

mind t h e  p o r t i o n  of t h e  charge on the p r e c i p i t a t i o n  p a r t i c l e s  may l e a k  of f  due 

t o  t h e  conduct ivi ty  of the air  A. 

It is  a l s o  necessary t o  keep i n  

In t h e s e  cases, t h e  change of t h e  charge on the l a r g e  p a r t i c l e  wi th  t i m e  

t is  given by t h e  r e l a t i o n s h i p  [ 1 0 4 ] :  
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= Nqav- Nf3Q - 4 d Q ,  

qav where N is t h e  number of c o l l i s i o n s  of a l a r g e  p a r t i c l e  wi th  s m a l l  ones, 

is t h e  average value of t h e  t r a n s f e r r e d  charge a t  one c o l l i s i o n ,  determined by 

t h e  spectrum of t h e  p r o p e r t i e s  of s m a l l  p a r t i c l e s ,  B i s  the amount of t h e  

charge which is t r a n s f e r r e d  from the l a r g e  p a r t i c l e  t o  t h e  s m a l l  one due t o  

t h e  c o l l e c t o r  e f f e c t  ( f o r  R >> r ,  B << 1). I f  w e  assume t h a t  the c o l l i d i n g  

p a r t i c l e s  a r e  spheres ,  w e  w i l l  have 

and i n  t h i s  case,  t h e  value P = Q / q can reach s e v e r a l  o rders  of magnitude. av av 

W e  could suggest,  as  proposed by L. Mordovina [ 701, t h a t  q = 4, i s  a 

c e r t a i n  f l u c t u a t i n g  value determined by several s t a t i s t i c a l  p r o p e r t i e s  of 

cloud p a r t i c l e s .  Then, i f  t h e  d ispers ion  of t h e  charges 6 acquired i n  ind i -  

v i d u a l  c o l l i s i o n s  i s  given by t h e  value a2 (assuming a Gaussian d i s t r i b u t i o n  o f  

q ) ,  t h e  d i s t r i b u t i o n  W (Q) of t h e  charges on t h e  p a r t i c l e s  of p r e c i p i t a t i o n  

w i l l  b e  given by t h e  r e l a t i o n s h i p  

/41 
1 

q 

where 0 = 0 /2B and Qav = qav/B Q s  

(2.7) 

From t h i s  r e l a t i o n s h i p ,  w e  can draw s e v e r a l  important conclusions.  I f ,  

during t h e  c o l l i s i o n s  of l a r g e  and s m a l l  p a r t i c l e s ,  t h e  former acquire  charges 

of equal  s i g n  w i t h  equal  p r o b a b i l i t y  (completely symmetrical d i s t r i b u t i o n  

qav 
on t h e  p a r t i c l e s  and the clouds as w e l l  as the p r e c i p i t a t i o n  may be very 

s i g n i f i c a n t .  T h e  d i f f e r e n c e  between t h i s  mechanism and t h e  one of random 

= 0) , then  Qav w i l l  equal  0 as w e l l  (Figure 2.1, a) , b u t  the a c t u a l  charges 
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c3 

A< 
-3 -2 1 ( r e l -  

Figure 2.1. Diagram i l l u s t r a t i n g  t h e  
change i n  the charge on p a r t i c l e s  
w i t h  c on t a c t char  gin g . 

ij - charge t r a n s f e r r e d  on contac t ;  

Q - equiva len t  charge; 

J - e l e c t r i c a l  c u r r e n t  d e n s i t y  of 
p r e c i p i t a t i o n  

- 
- 

charging that takes p l a c e  during 

capture  of i o n s  by d r o p l e t s  c o n s i s t s  

i n  the f a c t  t h a t  here each contact  

involves  t ransmission of a charge of 

several t e n s  o r  even hundreds of ele- 

mentary charges.  Therefore,  t h e  t i m e  

required f o r  developing l a r g e  charges 

becomes comparable t o  t h a t  which i s  

r e a l l y  observed i n  a cloud. This 

case, by t h e  way, i s  apparent ly  ob- 

served f requent ly  i n  w a r m  stratonimbus 

clouds,  when t h e  charges on p r e c i p i t a -  

t i o n  p a r t i c l e s  reach (on t h e  average) 

va lues  of 3.lO-I4 - 3*10-15 C y  b u t  

t h e  cur ren t  which i s  t ransmi t ted  by 

t h e m  is  c l o s e  t o  0,  s o  t h a t  simultan- 

eously the numbers of both p o s i t i v e l y  

and negat ive ly  charged d r o p l e t s  of 

p r e c i p i t a t i o n  w i l l  change. The average 

charge of cloud p a r t i c l e s  a l s o  appears 

t o  b e  equal  t o  0, s i n c e  p o s i t i v e l y  

and negat ive ly  charged p a r t i c l e s  w i l l  

b e  encountered w i t h  equal  p r o b a b i l i t y .  

I f  t h e  t ransmi t ted  charge q > 0,  av 
then Qav > 0 (Figure 2.1, b) and w e  

w i l l  encounter i n  t h e  p r e c i p i t a t i o n  

both p o s i t i v e l y  and negat ive ly  charged 

p a r t i c l e s ,  bu t  t h e  number of t h e  former 

(or  i n  any case, t h e i r  t o t a l  charge) 

w i l l  b e  g r e a t e r  than t h e  l a t te r ,  and 

a p o s i t i v e  p r e c i p i t a t i o n  cur ren t  w i l l  

flow from t h e  cloud. The  cloud 
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p a r t i c l e s  t h e n  assume on the average a negat ive  charge, although both posi-  

If ‘av t i v e l y  and negat ive ly  charged p a r t i c l e s  w i l l  be found. 

< 0, and t h e  p r e c i p i t a t i o n  is charged pr imar i ly  nega t ive ly  (Figure 2.1, c) ,  
w h i l e  t h e  cloud p a r t i c l e s  are charged p o s i t i v e l y .  

0, then  Qav < 

This  charging process may opera te ,  obviously,  i n  clouds with a s o l i d  

phase, mixed s t r u c t u r e  and i n  purely w a r m  clouds. 

three p r i n c i p a l  f a c t o r s :  (a) d i f f e r e n c e s  i n  t h e  phys ica l  and chemical charac- 

teristics of  t h e  cloud p a r t i c l e s  and e s p e c i a l l y  t h e  p a r t i c l e s  of clouds and 

p r e c i p i t a t i o n ;  (b) t h e  p o s s i b i l i t y  of s e p a r a t i o n  of c o l l i d i n g  o r  ruptur ing  

p a r t i c l e s  i n  t h e  e l e c t r i c a l  f i e l d  of t h e  cloud and (c)  d i f f e r e n c e s  i n  

temperature between t h e  s e p a r a t i n g  p a r t i c l e s .  

Its r e a l i z a t i o n  depends on 

As w e  have a l ready  mentioned, lack  of s i m i l a r i t y  between the  phys ica l  /42 
and chemical p r o p e r t i e s  of t h e  s e p a r a t i n g  p a r t i c l e s  may b e  l inked  both t o  a 

d i f f e r e n c e  i n  t h e i r  phase composition and chemical composition, as w e l l  as 

( i n  t h e  case of c r y s t a l l i n e  clouds) a d i f f e r e n c e  i n  t h e  c h a r a c t e r i s t i c s  of 

t h e  i n d i v i d u a l  p a r t s  of t h e  crystal sur faces .  

macrospaces i n  t h e  cloud w i l l  b e  e f f e c t i v e  i f  t h e r e  is some sys temat ic  d i f f e r -  

ence i n  t h e  dimensions (or  parachut ing c h a r a c t e r i s t i c s )  of p a r t i c l e s  of a 

s i n g l e  phase o r  a given chemical composition, e t c .  

It is obvious t h a t  charging of 

The e f f e c t  of an e l e c t r i c a l  f i e l d  on t h e  e l e c t r i f i c a t i o n  of p a r t i c l e s  may 

be n o t i c e a b l e  e i t h e r  i n  areas where t h e r e  is  s i g n i f i c a n t  e l e c t r i f i c a t i o n ,  o r  i n  

those cases  when t h e  i n c r e a s e  i n  t h e  f i e l d  leads  t o  an i n c r e a s e  i n  e l e c t r i f i c a -  

t i o n  - a process  involved i n  t h e  avalanche growth of t h e  f i e l d  [ 4 4 ] .  F i n a l l y ,  

a c e r t a i n  c o n t r i b u t i o n  t o  t h e  e l e c t r i f i c a t i o n  of t h e  p a r t i c l e s  and e s p e c i a l l y  

t h e  spaces  may be made by t h e  temperature d i f f e r e n t i a l  of t h e  c o l l i d i n g  par- 

t i c les .  

It is  necessary,  however, t o  no te  t h a t  a l l  of t h e  f a c t o r s  which w e  have 

discussed may a f f e c t  e l e c t r i f i c a t i o n  a t  t h e  s a m e  t i m e  and mask t h e  e f f e c t  of 

i n d i v i d u a l  f a c t o r s .  Thus, when eva lua t ing  t h e  e f f e c t  of temperature,  t h e  a c t i o n  

of t h e  f i r s t  two f a c t o r s  w a s  found t o  be considerable ,  and i t  produced e lectr i -  
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f i c a t i o n  e f f e c t s  t h a t  exceeded t h e  inf luence  of temperature by several o r d e r s  

of magnitude. 

ev ident ly  t h e  l a c k  of coordinat ion - and even c o n t r a d i c t i o n  i n  - t h e  d a t a  

obtained by d i f f e r e n t  au thors  who s tudied  t h e  e l e c t r i f i c a t i o n  of snow l a k e s  

and ic ic les ,  when t h e  charges t h a t  develop on them under apparent ly  uniform 

condi t ions  d i f f e r e d  i n  s i g n  i n  var ious  experiments and by f a c t o r s  of 10-100 

i n  terms of magnitude. 

t r i f i c a t i o n  i n  some experiments l e a d s  t o  i t s  reduct ion  i n  o t h e r s .  

t h a t  develop i n  labora tory  test  p a r t i c l e s  are shown i n  Table 2.1. 

any kind of systematic  d i f f e r e n c e  i n  t h e  p r o p e r t i e s  of  t h e  par t ic les  t h a t  

f a l l  with d i f f e r e n t  speeds,  t h e  p a r t i c l e s  with a given rate of f a l l  may be 

charged with one e lectr ical  s i g n ,  while  those f a l l i n g  a t  another  ra te  w i l l  be  

charged with t h e  o ther .  Thus, i t  may t u r n  out  t h a t  p a r t i c l e s  of clouds and 

fogs  are charged d i f f e r e n t l y .  

The d i f f i c u l t y  i n  i s o l a t i n g  t h e s e  effects i n  pure form expla ins  

A change i n  t h e  condi t ions  causing an i n c r e a s e  i n  elec- /43 
The charges 

I f  t h e r e  i s  

In  purely w a r m  clouds, the va lue  V w i l l  depend on t h e  d i f f e r e n c e  i n  
1 , 2  

t h e  chemical composition of t h e  c o l l i d i n g  p a r t i c l e s  and t h e  d i f f e r e n c e  i n  

their temperature. In some cases, i t  is p o s s i b l e  t o  have capture  of surface-  

active substances ( s u r f a c t a n t s )  by the drops,  subs tances  t h a t  w e r e  formerly nonex- 

i s t e n t  i n  na ture ,  and may t h e r e f o r e  l e a d  t o  t h e  development of h i g h  values  of 

%,2. 

It i s  unclear  whether o r  n o t  d r o p l e t s  could develop under n a t u r a l  condi- 

t i o n s  whose chemical composition d i f f e r e d  f o r  p a r t i c l e s  of d i f f e r e n t  s i z e s  , 
i.e. , whether i t  w a s  p o s s i b l e  t o  have an event  t h a t  would l e a d ,  as w e  have 

s a i d ,  t o  s e p a r a t i o n  of t h e  charged macrovolumes. According t o  t h e  d a t a  i n  

t h e  l i t e r a t u r e  ( f o r  example, [lOl) , t h e  concentrat ion of i m p u r i t i e s  i n  s m a l l -  

drop and large-drop areas can d i f f e r  on t h e  average by as much as 102-10 , 
which would n e c e s s a r i l y  lead  to VIy2 

attempted t o  f i n d  out  how much d i f f e r e n c e  t h e r e  i s  between t h e  chemical compo- 

s i t i o n  of s m a l l  and l a r g e  d r o p l e t s  i n  the s a m e  area of t h e  cloud. 

i n v e s t i g a t e d  i s  t h e  s i t u a t i o n  of how much t h e  chemical composition of t h e  

i n d i v i d u a l d r o p l e t s  d i f f e r s .  

c o l l i d i n g  d r o p l e t s  may l e a d  t o  V 
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100 mV [ 3 8 ] .  However, no one has  y e t  

Even less 

The d i f f e r e n c e  between the temperatures of t h e  

< 1 mV. 1 ,2  - 



The condi t ions  under which it is p o s s i b l e  t o  have separa t ion  of t h e  

p a r t i c l e s  fol lowing contac t  i n  clouds wi th  d i f f e r e n t  phase composition are 

d i f f e r e n t .  

I n  c louds,or  t h e i r  p a r t s  containing a s o l i d  phase, t h e  p a r t i c l e s  separ- 

a te  a f t e r  c o l l i s i o n ,  i n  any case i n  t h e  b a s i c  mass. I n  mixed clouds wi th  

thawing of h a i l ,  involving "explosions" of super cooled drople t s ,  the sepa-- 

r a t i o n  of p a r t i c l e s  i s  c e r t a i n  but  (as i n  pure d r o p l e t  clouds) t h e  

f a t e  of t h e  c o l l i d i n g  d r o p l e t s  i n  them has n o t  been c l a r i f i e d .  It is  suggested 

t h a t  a p o r t i o n  of the  d r o p l e t s  involved i n  such c o l l i s i o n s  may rebound [79, 82, 

108, 1141. A. D. Solov'yev [82 ]  produced c r i t e r i a  f o r  es t imat ing  t h e  proba- 

b i l i t y  of atomization of uncharged d r o p l e t s  during c o l l i s i o n ,  merging, and 

r e f l e c t i o n .  However, no d e f i n i t e  c r i t e r i a  have been obtained thus f a r  which 

would make i t  p o s s i b l e  t o  eva lua te  t h e  r o l e  of t h e  a i r  l a y e r  between t h e  col-  

l i d i n g  p a r t i c l e s  i n  terms of e f f e c t i v e n e s s  of t h e i r  merging, although its 

inf luence  i s  g r e a t .  The e f f e c t i v e n e s s  of the  drop merging i s  considerably 

a f f e c t e d  by t h e  e lectr ical  f i e l d  which develops i n  t h e  space between t h e  drops. 

As t h i s  f i e l d  i n c r e a s e s ,  t h e r e  is a s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r o b a b i l i t y  of 

coagulat ion [95, 1 1 7 ,  1251. The e l e c t r i c a l  f i e l d  i n  t h e  space may develop due 

t o  t h e  charges of the  drops themselves and due t o  t h e  e x t e r n a l  f i e l d .  Hence, 

as t h e  charge on t h e  drops increases  and t h e r e  i s  an i n c r e a s e  i n  t h e  space 

charges i n  t h e  cloud, the  p r o b a b i l i t y  of e l a s t i c  c o l l i s i o n s  of t h e  d r o p l e t s  

w i l l  decrease,  and t h i s  means t h a t  t h e r e  w i l l  be a decrease i n  t h e  e f f e c t i v e -  

ness  of t h e  contac t  mechanisms of e l e c t r i f i c a t i o n .  However, even i f  only 5 t o  

10% of t h e  d r o p l e t s  undergo e l a s t i c  c o l l i s i o n s ,  t h e  e f f e c t i v e n e s s  of t h e  con- 

t ac t  mechanisms of e l e c t r i f i c a t i o n  w i l l  be h ighly  s i g n i f i c a n t ;  thus,  t h e  va lues  

of P may reach up t o  lo3  - 10 It should be pointed out  t h a t  t h e  contac t  

charging process  may a l s o  take  p lace  i n  t h e  absence of mechanical contac t .  The 

p a r t i c l e s  may exchange charges i f  t h e  p o i n t s  of t h e i r  s u r f a c e s  are located a t  

a d i s t a n c e  of approximately 10 - 10 cm. As t h e  charge on t h e  p a r t i c l e  

grows, t h i s  d i s tance  w i l l  become l a r g e r .  

/44 

5 
[71]. 

-7 -6 

The i n t e r a c t i o n  of p a r t i c l e s  w i t h  d i f f e r e n t  phys ica l  and chemical 

p r o p e r t i e s  may, i n  t h e  f i n a l  a n a l y s i s ,  as pointed out  by V. Ya.  Nikandrov [ 721, 
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occur even without contact ,  b u t  i n  this  case t h e  rate of t h e  process  w i l l  be  

determined by t h e  number of charge carriers i n  t h e  a i r ,  i .e. , by t h e  a i r  

conduct ivi ty  . 
The number of charges t h a t  develop upon contac t  e l e c t r i f i c a t i o n  may be 

considerably a f f e c t e d  by an  e l e c t r i c a l  f i e l d .  The mechanism of t h i s  e f f e c t  

i s  shown i n  Figure 2.2. Drop 1 with r a d i u s  R i s  f a l l i n g  i n  an  e lectr ical  

f i e l d  with a p o e t n t i a l  E - t h e  d e n s i t y  of t h e  induced charge a t  some poin t  i 

on t h e  drop i s  equal t o  ei = Eacosa. If a s m a l l  drop (2 o r  3 )  with r a d i u s  

r comes i n  contact  with drop 1 o r  i s  a t  a d i s t a n c e  from i t  a t  which charge 

exchange i s  poss ib le ,  i t  w i l l  a c q u i r e  a charge 

a '  
3 

where A i s  a c e r t a i n  c o e f f i c i e n t  which depends on t h e  r a t i o  of t h e  drop r a d i i ,  

t h e  t i m e  of t h e i r  c o l l i s i o n ,  and pressure .  

The l i m i t i n g  charge which a l a r g e  d r o p l e t  may acqui re  due t o  t h i s  process ,  

as i n  the case of the  a c t i o n  of t h e  Wilson mechanism, i s  

If s m a l l  drops (2) s e p a r a t e  from t h e  lower p a r t  of drop 1, they w i l l  - / 4 5  

accumulate a charge on drop 1 whose f i e l d  w i l l  i n c r e a s e  t h e  o r i g i n a l  one, which, 

i n  t u m , w i l l  r a i s e  t h e  i n t e n s i t y  of t h i s  mechanism. 

u n t i l  t h e  f i e l d  is a b l e  t o  prevent  a separa t ion  of s m a l l  drops. 

The i n c r e a s e  w i l l  l a s t  

If  t h e  s m a l l  drops (3) s e p a r a t e  i n  t h e  upper p a r t  of drop 1, t h e  o r i g i n a l  

f i e l d  w i l l  decrease,  and t h e  mechanism w i l l  tend t o  weaken t h i s  e f f e c t .  

I n  both cases, t h e  i n t e n s i t y  of t h e  process  i n c r e a s e s  w i t h  an increase  i n  
t h e  number of e las t ic  c o l l i s i o n s  wi th  small d r o p l e t s .  Thus, depending on i n  

what p a r t  of t h e  l a r g e  drop t h e  e l a s t i c  c o l l i s i o n  with t h e  s m a l l  d r o p l e t s  takes 
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place,  t h i s  mechanism w i l l  l e a d  e i t h e r  

t o  an i n t e n s i f i c a t i o n  o r  a de te r ior -  

a t i o n  of t h e  e l e c t r i f i c a t i o n  of  t h e  

p a r t i c l e s .  

E l s t e r  and Gei te l  [ loo]  , suggest-  

i n g  t h a t  t h e  e las t ic  c o l l i s i o n s  take 

p l a c e  i n  t h e  lower p a r t  of t h e  drop, 

f e l t  t h i s  mechanism t o  be b a s i c  i n  t h e  

e l e c t r i f i c a t i o n  of clouds. A t  t h e  

present  t i m e ,  t h i s  same mechanism is 

being s tudied  by S a r t o r  and h i s  asso- 

c i a t e s  11461. However, the  lack of 

s u f f i c i e n t  knowledge about c o l l i s i o n s  

between s m a l l  d r o p l e t s  and l a r g e  ones 

does n o t  allow us t o  determine r e l i a b l y  

I 

Figure 2.2. Diagram of e l e c t r i f i c a t i o n  
on contac t  i n  an e l e c t r i c a l  f i e l d .  

a t  t h i s  t i m e  even t h e  d i r e c t i o n  i n  which t h i s  mechanism opera tes :  w e  do not  know 

i f  i t  increases  t h e  e l e c t r i f i c a t i o n  of t h e  p a r t i c l e s ,  o r  weakens i t .  

I n  comparison w i t h  the  contact  mechanism descr ibed above, t h e  removal of 

induced charges i s  less pronounced i n  weak f i e l d s  and cloud p a r t i c l e s  whose 

c h a r a c t e r i s t i c s  a r e  n o t  very uniform. I f  t h e  charge of t h e  p a r t i c l e  according 

t o  ( 2 . 3 )  is  represented by ql, and according t o  Formula (2.8)  by q2  we w i l l  have 

(2.10) 

where 6 is  t h e  d i s t a n c e  a t  which t h e  l a r g e  and s m a l l  p a r t i c l e s  cease t o  

exchange charges. 

-6 If  the  f i e l d s  and t h e  charges are not  very high,  6 < 10 c m  and a r e  i n  any 
-3  case < cm. I f  V = 10 V, i .e .  , V i s  a very small value,  then i t  

is only i n  f i e l d s  wi th  an i n t e n s i t y  2 
1,2  1 ,2  

~ ~ O - ~ ~ o ~  V / c m  that q1/q2 becomes equal  
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t o  1. 

Q,/Q, = V1,,/rE0, i.e., wi th  an i nc rease  i n  the  s h e  of t h e  s m a l l  p a r t i c l e s ,  

t he re  is an i nc rease  in t h e  r o l e  of t he  f i e l d  i n  the  cloud as f a r  as t h e  p a r t i c l e  

charging is concerned. 

Accordingly, t h e  r a t i o  of t h e  l i m i t i n g  charges of the l a r g e  d rop le t s  i s  

Conditions f o r  e l e c t r i f i c a t i o n  of  
cloud p a r t i c l e s  and p r e c i p i t a t i o n  by 
contact  mechanisms 

Contact P r o b a b i l i t y  Mass of 
pot  en t i a l  of e l a s t i c  cloud p a r t i -  
d i f f e rence  c o l l i s i o n s  c l e s  having 

charges 

I n  s t r o n g  f i e l d s  and a t  high charges,  where 6 may reach va lues  of s e v e r a l  

microns, contact  charging a s soc ia t ed  with the  ac t ion  of t he  e x t e r n a l  f i e l d  may 

become b a s i c  . 

Value 
O f  

p a r t i c l e  charges 

Hence, t he  contac t  mechanisms of p a r t i c l e  e l e c t r i f i c a t i o n  may manifest  i n  

a l l  forms of clouds although the  t h e i r  e f f ec t iveness  d i f f e r s  under d i f f e r e n t  con- 

d i t i o n s  (Table 2 .2) .  The s t ronges t  e l e c t r i f i c a t i o n  of p a r t i c l e s  w i l l  take 

p lace  i n  clouds wi th  a mixed s t r u c t u r e ,  producing i n t e n s i v e  p r e c i p i t a t i o n .  

Charging of p a r t i c l e s  i n  these  clouds w i l l  decrease with a decrease i n  t h e i r  

dens i ty  and th ickness ;  i n  purely c r y s t a l l i n e  and purely w a r m  clouds i t  w i l l  be 

weaker than i n  clouds wi th  a mixed s t r u c t u r e .  The charges on t h e  p a r t i c l e s  

w i l l  i nc rease  wi th  inc reas ing  inhomogeneity of t he  phys ica l  and chemical pro- 

p e r t i e s  of t he  p a r t i c l e s ,  and w i l l  i nc rease  with t h e  dens i ty  and thickness  of 

t h e  clouds.  

- / 4 6  

TABLE 2.2.  CONDITIONS FOR ELECTRIFICATION OF PARTICLES I N  CLOUDS 

OF DIFFERENT TYPES 

Type of 
cloud 

P r i n c i p a l  mechanism 
of e l e c t r i f i c a t i o n  
of cloud p a r t i c l e s  

Note: (+)I The mechknism is  rei 

apparent ;  1 - low value;  2 - 
(c)  clouds wi th  mixed s t r u c t i  
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l i l y  apparent ;  (-) The mechanism i s  not  r e a d i l y  
average value;  3 - l a r g e  va lue ;  (t) w a r m  clouds; 
re .  



§ 2. Accumulation 3 f  Space Charges i n  Clouds -~ 

d 
I 

The e l e c t r i f i c a t i o n  of clouds as a whole (accumulation i n  them of consi- 

derable  electrical space charges) r e q u i r e s ,  f i r s t  of a l l ,  t h e  development of 

e lectr ic  charges on t h e  cloud p a r t i c l e s  and p r e c i p i t a t i o n ,  and secondly,  t h e  

occurrence over a l a r g e  a r e a  of a cloud of p a r t i c l e s  t h a t  c a r r y  pr imar i ly  charges 

of one s i g n  o r  another.  For development of e l e c t r i f i c a t i o n ,  i t  is  necessary 

t h a t  t h e  processes  of t h e  f i r s t  group, promoting e l e c t r i f i c a t i o n ,  dominate t h e  

processes  of the second group, which suppress i t .  With equi l ibr ium of t h e  

two groups of processes,  a q u a s i s t a t i o n a r y  e lectr ical  s t r u c t u r e  develops i n  

t h e  cloud. 

The condi t ions f o r  the  p a r t i c l e  charges accumulation were discussed i n  

t h e  preceding s e c t i o n ,  s o  t h a t  w e  w i l l  dwell only on t h e  condi t ions f o r  t h e  

development of un ipolar ly  charged p a r t i c l e s  and volumes of a i r .  I f  w e  ignore 

s p e c i f i c  condi t ions,  t h e  space charges i n  a l l  t h e  clouds w i l l  arise under t h e  

inf luence  of t h r e e  f a c t o r s :  

1. Separat ion of d i f f e r e n t l y  charged p a r t i c l e s  i n  an e x t e r n a l  electrical  /47 
f i e l d .  

2. Separat ion of d i f f e r e n t l y  charged p a r t i c l e s  , e x h i b i t i n g  d i f f e r e n t  

aerodynamic r e s i s t a n c e s  i n  a f i e l d  of grav i ty .  I f  t h e  rate of f a l l  of t h e  

equal ly  charged p a r t i c l e s  d i f f e r s  considerably ( f o r  example, t h e  rates. of f a l l  

of p a r t i c l e s  of clouds and p r e c i p i t a t i o n ) ,  t h e  charge separa t ion  rate i n  t h e  

cloud may culminate i n  t h e  appearance of an excess charge throughout t h e  e n t i r e  

cloud following t h e  f a l l  of t h e  p r e c i p i t a t i o n  and t h e  development of an excess  

charge i n  t h e  atmosphere, af ter  t h e  p r e c i p i t a t i o n  p a r t i c l e s  reach t h e  sur face  

of t h e  ground. 

3. The t r a n s f e r  t o  t h e  cloud (or  removal from i t )  of charged a i r  w i t h  

a i r  flows due t o  convective movements. 
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The f o u r t h  poss ib le  method of charge accumulation i n  clouds ( t h e i r  

t r a n s f e r  t o  t h e  cloud due t o  t u r b u l e n t  d i f f u s i o n  i n  t h e  atmosphere) is n o t  

r e a l i z e d ,  s i n c e  t h e  d e n s i t y  grad ien t  of t h e  space charges a t  t h e  cloud bounda- 

ries i s  such t h a t  i t  l e a d s  only t o  l o s s  o f  charges from t h e  clouds.  

The processes which reduce t h e  l e v e l  of t h e  space charges i n  a cloud 

are l inked t o  four  f a c t o r s  

1. The development of conduct iv i ty  c u r r e n t s  both i n s i d e  and o u t s i d e  

. t h e  cloud. 

2. Turbulent d i f f u s i o n ,  which weakens t h e  ra te  of s e p a r a t i o n  of t h e  

charges i n  t h e  cloud i t s e l f  and removes t h e  charge beyond t h e  l i m i t s  of t h e  

cloud. 

3. The e f f e c t  of the f o r c e  of grav i ty ,  under whose inf luence  t h e  space 

charges t h a t  accumulate on t h e  p a r t i c l e s  may b e  c a r r i e d  beyond t h e  limits of 

t h e  cloud. 

4 .  Convective movements t h a t  v e n t i l a t e  t h e  cloud. 

L e t  us see how t h e  two groups of processes  act i n  t h e  e l e c t r i f i c a t i o n  of 

i n d i v i d u a l  types of clouds. 

Formation of t h e  electrical s t r u c t u r e  of stratus and stratocumulus clouds. 

The e l e c t r i f i c a t i o n  of these  clouds would appear t o  b e  most n a t u r a l l y  l i n k e d  

wi th  t h e  s e p a r a t i o n  of charges i n  t h e  electrical f i e l d  of t h e  atmosphere, devel- 

oping i n  poorly v e n t i l a t e d  cloud layers .  

of t h e  f i e l d  i n  the atmosphere, the upper p a r t  of t h e  cloud must b e  charged 

p o s i t i v e l y  and t h e  lower p a r t  negat ively.  As a matter of f a c t ,  i n  o r d e r  t o  

achieve s t a t i o n a r y  condi t ions  f o r  the flow of vertical  e lectr ic  c u r r e n t  i n  
t h e  atmosphere, i t  is necessary f o r  t h e  cur ren t  dens i ty  i n  the clouds t o  b e  

equal  t o  the c u r r e n t  dens i ty  o u t s i d e  them, i . e . ,  t o  f u l l f i l l  t h e  following 

condi t ions :  

With an ordinary p o s i t i v e  d i r e c t i o n  
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- E X  = E X  - 0 0 2 2 (2.11) 

where E and XU, E and Xo, E and X are t h e  values  of t h e  p o t e n t i a l  g rad ien t  

of t h e  electrical  f i e l d  of t h e  atmosphere and t h e  conduct ivi ty  a t  t h e  upper 

l i m i t  o f  t h e  cloud, i n  t h e  cloud, and a t  i t s  lower l i m i t .  The d i s c o n t i n u i t i e s  

i n  t h e  f i e l d  a t  t h e  l i m i t s  of t h e  cloud are crea ted  by a space charge t h a t  con- 

c e n t r a t e s  a t  t h e  boundaries. The e lectr ical  conduct iv i ty  i n s i d e  t h e  cloud 

o r  fog i s  less than the  e l e c t r i c a l  conduct iv i ty  i n  pure atmosphere, s i n c e  

t h e  p a r t i c l e s  of fog o r  p r e c i p i t a t i o n  a c t i v e l y  capture  ions  from t h e  a i r .  

This f a c t  is supported experimentally by d i r e c t  measurements i n  clouds and 

fogs [69, 32, 301. 

U 0 2 2 

- /48 

Due t o  t h e  fact  t h a t  the  e l e c t r i c a l  conduct ivi ty  of t h e  atmosphere 

increases  wi th  a l t i t u d e  ( A  

a whole must acqui re  a p o s i t i v e  charge when t h e  d i r e c t i o n  of t h e  electrical  

f i e l d  of t h e  atmosphere is normal. I n  a similar manner, w e  can expla in  t h e  

unipolar  charge of fogs. 

7 h Z ) ,  E must b e  less than E and t h e  cloud as 
U U 2’ 

More d e t a i l e d  information on t h e  d i s t r i b u t i o n  of E i n  t h e  cloud and near  i t  

may be gained i f  w e  use f o r  our s o l u t i o n  t h e  ionization-recombination equat ion 

i n  i t s  s i m p l i f i e d  form [69], using f i x e d  values  of A 

a f i x e d  micros t ruc ture  f o r  t h e  cloud, and consider ing t h e  poss ib le  development 

of convective c u r r e n t s  i n s i d e  and o u t s i d e  t h e  cloud. However, t h e  qual i -  

t a t i v e  p i c t u r e  of t h e  cloud charging need not  be changed. 

Xz, and EU, assuming 
U Y  

The system which i s  suggested and represents  t h e  cloud as a pass ive  

resistance connected i n  series wi th  a r e s i s t a n c e  represent ing  t h e  atmosphere 

may expla in  t h e  i n c r e a s e  i n  t h e  f i e l d  i n  t h e  clouds wi th  an i n c r e a s e  i n  t h e i r  

densi ty ,  and unipolar  charging of t h e  cloud wi th  a considerable  d i f f e r e n c e  i n  

X and h Z .  

ins tances .  I n  many cases [3] ,  t h e  d i r e c t i o n  of t h e  p o t e n t i a l  g rad ien t  wi th in  

But t h i s  system cannot expla in  t h e  effects observed i n  many 
U 
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t h e  clouds does n o t  co inc ide  wi th  t h e  d i r e c t i o n  of t h e  grad ien t  i n  t h e  atmos- 

phere,  and t h e  p o l a r i t y  of t h e  t o t a l  cloud charge is  oppos i te  t o  t h a t  which 

w a s  p red ic ted .  Moreover, t h e  d i f f e rence  i n  the  p o t e n t i a l s  a t  t h e  upper and 
lower limits of  t h e  clouds f r equen t ly  exceeds the  drop i n  p o t e n t i a l  i n  t h e  pure 

atmosphere. In t hese  cases, i t  is necessary t o  assume t h a t  even s l i g h t l y  

active clouds ( i n  the  electrical sense)  - f o r  example, s t r a t i f o r m  clouds - 
do n o t  produce p r e c i p i t a t i o n  and do n o t  a c t  merely as pass ive  r e s i s t a n c e s  b u t  

as e l e c t r i c a l  generators .  The power of t hese  generators  compensates f o r  l o s s e s  

which are crea ted  by the  conduct iv i ty  cu r ren t s  and t h e  electric cu r ren t  of  

t u rbu len t  d i f fus ion ,  whose dens i ty  is  about 10 

ness  of each genera tor  i n  the  cloud i n  s p e c i f i c  cases may be  e s t ab l i shed  by 

measurements of t h e  f i e l d  i n t e n s i t y  and the  e l e c t r i c a l  conduct iv i ty  i n  t h e  

clouds and i n  t h e i r  v i c i n i t y .  

operate .  The answer t o  t h i s  quest ion is  c lose ly  r e l a t e d  t o  t h e  development 

o f  s t u d i e s  on t h e  charging of drops, conduct iv i ty ,  and f i e l d s  i n  clouds. 

-2 2 A/m . The r e l a t i v e  e f f e c t i v e -  

It i s  s t i l l  n o t  clear how these  genera tors  

Hence, even i n  apparent ly  "simple" clouds,  t h e  processes  t h a t  l ead  t o  

t h e i r  e l e c t r i f i c a t i o n  have no t  y e t  been completely explained. 

Formation of e l e c t r i c a l  s t r u c t u r e  of stratonimbus clouds.  The charac te r -  

i s t i c  o u t l i n e s  of t h e  e l e c t r i c a l  s t r u c t u r e  of stratonimbus clouds may be ex- 

p la ined  i n  genera l  o u t l i n e s  i f  w e  assume t h e  diagram descr ibed i n  [3 ] .  
cording t o  t h i s  system, charged p r e c i p i t a t i o n  f a l l s  from i n i t i a l l y  n e u t r a l l y  

charged clouds.  

accumulates i n  t h e  clouds ( i f  p o s i t i v e l y  charged p r e c i p i t a t i o n  f a l l s ,  a neg- 

a t i v e  charge i s  accumulated, and v i c e  ve r sa ) .  

f i e l d  of t h i s  charge,  i n  t h e  upper p a r t  of t h e  cloud and above i t ,  and a l s o  

beneath t h e  cloud,  charges of t h e  oppos i te  s i g n  accumulate, forming t h e  ob- 

served s t r u c t u r e  of t h e  polar ized  cloud. 

t i o n  superposes the  space charge formed by the  conduct iv i ty  cu r ren t  below 

the  cloud. The generator  o f  t he  e l e c t r i c i t y  i n  these  areas of t h e  cloud is, 

t h e r e f o r e ,  t he  charged p r e c i p i t a t i o n  p a r t i c l e s  f a l l i n g  under t h e  inf luence  of 

t he  f o r c e  of grav i ty .  

e l e c t r i c a l  conduct iv i ty  and tu rbu len t  mixing. The e l e c t r i c a l  l o s s e s  i n  t h e  

cloud are determined by t h e  inf luence  of t hese  f a c t o r s .  
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Ac- 

A s  t h e  p r e c i p i t a t i o n  f a l l s ,  a charge of t h e  oppos i te  s ign  

Under t h e  in f luence  of t h e  

The space charge of t h e  p rec ip i t a -  

The sepa ra t ion  of t h e  charges i n  t h e  cloud prevents  



These l o s s e s  m u s t  a l s o  b e  made up by the electrical  "generator" which 

achieves a s t a t i o n a r y  state i n  t h e  cloud. For a model of a p o s i t i v e l y  polar-  

i z e d  cloud (Chapter I), t h e  conduct ivi ty  cur ren t  dens i ty  is  assumed n o t  t o  

exceed 10 

t h e  same value.  This means t h a t  t h e  cur ren t  dens i ty  of t h e  l o s s e s  i n  t h e  cloud 

w i l l  n o t  exceed 2-10 
i n  t h e  cloud is very l o w  and equals  4-10 

a small p a r t  of t h e  power given o f f  by t h e  f a l l i n g  p r e c i p i t a t i o n .  W e  should 

keep i n  mind, however, t h a t  the  f i g u r e s  given here  apply t o  a t y p i c a l  cloud, 

and i n  i n d i v i d u a l  clouds o r  p a r t s  of  them both t h e  cur ren t  and power may exceed 

t h e  i n d i c a t e d  va lues  by 1 o r  2 and even 3 orders  of magnitude. W e  can a l s o  

expect that n e a r  t h e  Equator, where t h e  p r e c i p i t a t i o n  c u r r e n t s  considerably 

exceed t h e  va lues  given i n  [1511, e l e c t r i c a l  charges i n  t h e  clouds are much 

g r e a t e r  than those given. 

-11 2 A/m ; t h e  cur ren t  dens i ty  of d i f f u s i o n  is approximately equal  t o  

-11 2 A/m . The power of t h e  electrical  generator  opera t ing  
-5 W/m2, or 40W /h2. It c o n s t i t u t e s  

The system which w e  descr ibed above c l a r i f i e s  t h e  r e l a t i o n s h i p  between 

t h e  macrocharac te r i s t ics  of stratocumulus clouds,  and vrobably , t h e  high s t r a t u s  

clouds t h a t  produce p r e c i p i t a t i o n .  It m a k e s  it p o s s i b l e  t o  estimate t h e  e x t e n t  

t o  which t h e  changes i n  t h e  cur ren t  of p r e c i p i t a t i o n ,  conduct ivi ty ,  and cloud 

turbulence might a f f e c t  t h e i r  s t r u c t u r e ,  and t h e  magnitude of the  f i e l d s  i n  

them. 

Changes by a f a c t o r  of n i n  t h e  magnitude of t h e  p r e c i p i t a t i o n  cur ren t  i n  

t h e  s t a t i o n a r y  s ta te  a l s o  change t h e  magnitude of t h e  accumulated charges i n  

t h e  cloud by a f a c t o r  of n. A reduct ion of t h e  e f f e c t i v e  conduct ivi ty  by a 

f a c t o r  of m w i l l  i n c r e a s e  t h e  accumulation of  charges by a f a c t o r  of m. 

an i n c r e a s e  i n  t h e  w a t e r  content  and t h e  number of drops, w e  can a l s o  expect 

an i n c r e a s e  i n  t h e  number of charged p a r t i c l e s ,  and, as w e  noted earlier, a 

decrease i n  t h e  conduct ivi ty ,  which promotes an i n c r e a s e  i n  t h e  charges and 

With 

f i e l d s  i n  denser clouds. The same e f f e c t  ( a l l  o t h e r  condi t ions being equal)  /50 
may b e  expected wi th  a decrease i n  cloud turbulence.  A t  t h e  ind ica ted  varia- 

t i o n s  i n  p r e c i p i t a t i o n  cur ren t  dens i ty  and t h e  e f f e c t i v e  conduct ivi ty ,  w e  can 
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expect t h a t  i n  ind iv idua l  clouds o r  p a r t s  of them the  charges and the  f i e l d s  

w i l l  change by more than lo3 t i m e s  i n  comparison t o  t h e  average values  

(P i  gure 1.1) . 

A t  t h e  p re sen t  t i m e ,  on the b a s i s  of d a t a  on t h e  spectrum of drops i n  

clouds and t h e i r  phase s ta te ,  t h e  th icknesses  of clouds o r  t h e i r  rates of 

development, i t  i s  impossible t o  c a l c u l a t e  t he  cu r ren t s  of p r e c i p i t a t i o n .  For 

such a ca l cu la t ion ,  i t  would be necessary t o  c a l c u l a t e  t h e  charges of the  

d r o p s  and t h e  s o l i d  p a r t i c l e s .  There is  no e f f e c t i v e  theory which would 

make i t  poss ib l e  t o  do t h i s .  General  cons idera t ions  t h a t  w e r e  given i n  t h e  

preceding s e c t i o n  ( see  Table 2.2) c l a r i f y  why t h e  charges are g r e a t e r  i n  t h e  

t h i c k e s t  clouds than i n  t h i n  ones, and t h e  charges are g r e a t e r  i n  clouds wi th  

mixed s t r u c t u r e  than i n  w a r m  clouds. A number of authors  have s tud ied  t h e  

e l e c t r i f i c a t i o n  of p a r t i c l e s  i n  stratonimbus clouds ( f o r  example, [14]), bu t  

the  r e s u l t s  of such i n v e s t i g a t i o n s  s t i l l  do n o t  allow us t o  progress  f u r t h e r  

wi th  these  f ind ings  . 

The s o l u t i o n  of t he  complete problem of e l e c t r i f i c a t i o n  of nimbostratus  

clouds (as, indeed, f o r  clouds of o the r  types)  w i l l  r e q u i r e  a d e t a i l e d  s tudy 

of t h e  microphysics of t hese  clouds,  bo th  i n  na tu re  and i n  t h e  labora tory ,  as 

w e l l  as t h e  development of a theory which w i l l  t ake  i n t o  account t h e  r e l a t ion -  

s h i p  between t h e  macro- and the  micro-processes. W e  s h a l l  r e t u r n  again t o  t h e  

problem of t h i s  r e l a t i o n s h i p  wi th  a cons idera t ion  of t he  e l e c t r i c a l  and o t h e r  

phys ica l  c h a r a c t e r i s t i c s  of clouds. 

Formation of t h e  electrical s t r u c t u r e  of cumulus and cumulus congestus 

clouds.  According t o  t h e  s p e c t r a l  composition of t h e  p a r t i c l e s ,  cumulus and 

cumulus congestus clouds do no t  d i f f e r  very markedly from stratus and nimbo- 

s t r a t u s  clouds; l i k e  t h e  latter, convective clouds do n o t  produce p r e c i p i t a t i o n .  

E l e c t r i c a l  c h a r a c t e r i s t i c s  of convective clouds,  however, d i f f e r  markedly from 

the c h a r a c t e r i s t i c s  of s t r a t i f o r m  clouds,  which do no t  produce p r e c i p i t a t i o n .  

This  d i f f e rence  is l a r g e l y  due t o  t h e  f a c t  t h a t  e l e c t r i f i c a t i o n  of convective 

clouds,  i n  con t r a s t  t o  t he  e l e c t r i f i c a t i o n  of s t r a t i f o r m  clouds,  w i l l  n o t  
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have t i m e  t o  produce a q u a i s i s t a t i o n a r y  state. 

of convective clouds may b e  r e l a t e d  t o  t h e  e f f e c t  of an external f i e l d ,  as 

w a s  t h e  case i n  s t r a t u s  clouds,  b u t  t h e  cur ren t  I = (E X ) w i l l  flow contin- 

uously i n t o  t h e  cloud as i t  develops. Even i f  t h e  top  of t h e  cloud ceases t o  

rise, t h e  i n t e n s i v e  convection i n  i t  w i l l  c a r r y  away t h e  s t o r e d  charge, pre- 

vent ing i ts  growth a t  t h e  limits of t h e  cloud [35]. Another reason f o r  t h e  

accumulation of space charges i n  a cloud may be,  according t o  t h e  suggest ion 

of Grene [ l o g ,  1101 and discussed i n  our t i m e  by B. Vonnegat [26] and R. Storeb 

[153], a cur ren t  of a i r  r i s i n g  from t h e g r o u n d , i n  which a convective cloud 

develops. 

usua l ly  contains  a p o s i t i v e  space charge. Ris ing with t h e  j e t  of a i r ,  t h i s  

charge e n t e r s  t h e  cloud, which captures  i t  l i k e  a f i l t e r ,  s t o r i n g  t h e  p o s i t i v e  

charge i n  t h i s  fashion. This charge c r e a t e s  a f i e l d  which, due t o  t h e  conduc- 

t i v i t y  of t h e  atmosphere, a t t r a c t s  charges of opposi te  s i g n  t o  t h e  e x t e r n a l  

limits of t h e  cloud. 

The formation of b a s i c  charges 

a a u  

The a i r  a t  t h e  s u r f a c e  of t h e  ground, due t o  t h e  e l e c t r o d e  e f f e c t ,  - 151 

Both of t h e  e f f e c t s  considered may be explained more o r  less s a t i s f a c t o r i l y  

as t h e  q u a l i t a t i v e  aspect  of t h e  i n i t i a l  formation of t h e  b a s i c  charges of a 

conductive cloud. Rough estimates of t h e  e f f e c t i v e n e s s  of these  mechanisms, 

with a cons idera t ion  of t h e  e f f e c t  of ohmic and convective conduct iv i ty ,  do 

n o t  c o n t r a d i c t  t h e  values  observed f o r  t h e  charges [35]. However, more d e t a i l e d  

t reatments  descr ib ing  e l e c t r i c a l  processes which l e a d  t o  t h e  occurrence of 

b a s i c  charges of convective clouds n o t  producing p r e c i p i t a t i o n  do n o t  e x i s t .  

The p i c t u r e  of t h e  formation of l a r g e  space charges of both s i g n s ,  

s c a t t e r e d  over t h e  e n t i r e  volume of t h e  cloud, is even less c l e a r .  W e  know 
t h e s e  charges a r e  formed i n  convective c u r r e n t s  t h a t  pene t ra te  t h e  cloud. 

can assume t h a t  an important r o l e  i s  played i n  t h e  formation of the  charges by 

t h e  f a c t  t h a t  t h e  spectrum of t h e  drops i n  t h e  streams of  convective clouds,  

i n  c o n t r a s t  t o  t h e  spectrum i n  s t r a t i f o r m  clouds,  i s  not  s t a t i o n a r y  f o r  each 

given level, which l e a d s  t o  rap id  t ransformation of t h e  spectrum. 

even a q u a l i t a t i v e  system f o r  the formation of macro- and microphysical charges 

W e  

However, 
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s c a t t e r e d  i n  the cloud has n o t  y e t  been worked out .  

w e  t h e  p o s s i b i l i t y  descr ibed above f o r  e l e c t r i f i c a t i o n  of t h e  p a r t i c l e s  l i n k e d  

wi th  t h e i r  contac ts  and the d i f f e r e n c e  i n  t h e  phys ica l  and chemical p r o p e r t i e s  

of c o l l i d i n g  p a r t i c l e s .  Thus, w i t h  a r a p i d  rise of t h e  stream, t h e  p a r t i c l e s  

a t  i ts  l i m i t s ,  " t respassing" i n t o  the r e l a t i v e l y  f i x e d  areas of t h e  cloud, 

may have a chemical composition and temperature d i f f e r e n t  from those which are 
i n h e r e n t l y  found i n  t h e  o l d  " inhabi tants"  of t h e  level a f a c t o r ,  which must 

i n c r e a s e  t h e  e l e c t r i f i c a t i o n  i n  t h e  zones pene t ra ted  by t h e  streams i n  t h e  

cloud. It may be t h a t  a c o n t r i b u t i o n  t o  t h e  e l e c t r i f i c a t i o n  may be provided 

by t h e  e f f e c t  discussed by V. Nikandrov [72] , r e l a t e d  t o  a d i f f e r e n t  rate of 

evaporat ion of p o s i t i v e  and negat ive ions  by s o l u t i o n s .  

It appears promising t o  

What w e  s a i d  ear l ier  about t h e  n e c e s s i t y  of experimental  s t u d i e s  f o r  

e s t a b l i s h i n g  t h e o r i e s  of e l e c t r i f i c a t i o n  a p p l i e s  completely t o  t h e  non-rain 

convective clouds. 

Before moving on t o  an eva lua t ion  of t h e  formation of cumulonimbus clouds,  

l e t  us recall that the charges t h a t  accumulate a t  t h e  s t a g e  of l a r g e  convective 

clouds m a k e  up a n e g l i g i b l e  p a r t  of t h e  charges t h a t  are s t o r e d  a t  t h e  s t a g e  

of cumulonimbus clouds, and from t h i s  viewpoint Cu cong do n o t  prepare t h e  Cb 

s tage .  

t h e  charge accumulated by the  cloud as a f i l t e r  i n  t h e  Cu cong s t a g e  also 

creates t h e  charges i n  t h e  Cb, is proven by t h e  measurements of charges i n  

Cu cong [83, 351. A t  t h e  same t i m e ,  however, w e  w i l l  see later on t h a t  t h e  

development of zones wi th  considerable  f i e l d s  i n  Cu cong may p lay  a r o l e  i n  

t h e  prepara t ion  of t h e  p a r t i c l e s  f o r  a t r a n s i t i o n  t o  Cb. 

The opposi te  viewpoint, t h e  one h e l d  by B. Vonnegut [26] who f e l t  t h a t  

Formation of t h e  eleczlrical s t r u c t u r e  of cumulonimbus clouds.  By comparing 

t h e  c h a r a c t e r i s t i c s  of cumulonimbus clouds wi th  those  of t h e  clouds discussed 

earlier, we can discover  t h e  common f e a t u r e s  which t h e  former share ,  bo th  w i t h  

nimbostratus  clouds (presence of charged p r e c i p i t a t i o n ,  coexis tence of s o l i d  

and l i q u i d  phases of water ) ,  as w e l l  as wi th  cumulus congestus clouds (v io len t  
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convection, zones of considerable  e lectr ical  and o t h e r  microphysical inhomo- 

g e n e i t i e s ) .  

development of t h e  cloud occur i n  a nons ta t ionary  mode, while i n  t h e  second 

( the  s t a g e  of matur i ty)  t h e  s t a t i o n a r y  n a t u r e  of t h e  mode i n  thunderstorm 

clouds is  cont inuously d is rupted  by l i g h t n i n g .  

I n  a d d i t i o n ,  a t  least t h e  f i r s t  and t h i r d  of t h e  t h r e e  s t a g e s  of 

A c h a r a c t e r i s t i c  f e a t u r e  of thunderstorm clouds is t h e  presence of two 

b a s i c  e lectr ical  charges i n  t h e  cloud: 

charge beneath i t  and small  charges s c a t t e r e d  throughout t h e  cloud, which 

develop considerable  l o c a l  f i e l d s  by v i r t u e  of t h e i r  high concentrat ion.  

s t r u c t u r e  ( see  Figures  1 . 7  and 1.10) is made up from t h e  s t r u c t u r e  of t h e  cumu- 

l u s  congestus cloud i n  several ( f i v e  o r  more) minutes. I n  o t h e r  words, t h e  

process of development and s e p a r a t i o n  of t h e  charges i n  t h e  cloud ("organized 

e l e c t r i f i c a t i o n " )  i s  unusually powerful, e s p e c i a l l y  s i n c e  t h e  e f f e c t i v e  con- 

d u c t i v i t y  i n  clouds and consequently t h e  l o s s  o f  charges ,  

t h e  r e l a t i v e l y  small ,  u s u a l l y  p o s i t i v e  

This  

i s  very high.  

W e  can assume t h a t  t h e  s t r u c t u r e  of cumulonimbus clouds t h a t  has been 

observed has  t o  do t o  a l a r g e  e x t e n t  with t h e  release of  charged p r e c i p i t a t i o n  

- t h e  ex is tence  of l a r g e  areas of un ipolar ly  charged p a r t i c l e s  of p r e c i p i t a t i o n  

i n  t h e  cloud and observed d i r e c t l y  beneath them i n  a i r c r a f t  measurements [ 4 2 ]  

(we should r e c a l l  t h a t  ground measurements of charges i n  p r e c i p i t a t i o n  cannot 

be de tec ted  due t o  overcharging o f  t h e  drops i n  such a r e a s ) .  I n  t h i s  case,  

the  p r i n c i p a l  charges of the  clouds i n  t h e  f i r s t  s t a g e  may be produced due t o  

t h e  separa t ion  of d i f f e r e n t l y  charged l a r g e  and s m a l l  p a r t i c l e s  (Figure 2 .3) .  

I f  t h e  p o s i t i v e  p a r t i c l e s  move relative t o  t h e  s m a l l  ones through t h e  active 

volume of t h e  cloud, an e l e c t r i c a l  moment of t h e  cloud M w i l l  develop ( i f  w e  /53 
dis regard  s c a t t e r i n g  of t h e  f i e l d  a t  t h e  edges of a plane capac i tor )  shown i n  

Figure 23 [116]: 

0 

( e-L) 
M, = j:,ltST 1 - 9 

where j, i s  t h e  c u r r e n t  d e n s i t y  of l a r g e  p a r t i c l e s ,  h i s  t h e  th ickness  of t h e  

cloud i n  which charge s e p a r a t i o n  takes  p lace ,  S i s  t h e  e f f e c t i v e  c ross  s e c t i o n  
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Figure 2.3. Formation of e l e c t r i c a l l y  

Q+ and Q - = electrical  charges accumu- 

polar ized  cloud. 

l a t e d  i n  the upper and lower p a r t s  
of  t h e  cloud. 

of the s e p a r a t i o n  area of the charges, 

T is  t h e  r e l a x a t i o n  t i m e  of the process  

i n  the cloud, determined by the ef fec-  

tive conduct iv i ty  X i n  t h e  active 

zone: 

constant .  

ef f 
T = € / A e f f ,  E is  t h e  d i e l e c t r i c  

This equat ion  c o r r e c t l y  r e f l e c t s  

t h e  processes  i n  t h e  cloud when t h e  

parameters of  t h e  lat ter are not  a 

func t ion  of t i m e .  

Obviously the processes  of charge 

formation i n  shower and thunderstorm clouds have much i n  common, b u t  f o r  purely 

p r a c t i c a l  reasons more a t t e n t i o n  has  been devoted t o  t h e  formation of b a s i c  

e l e c t r i c a l  charges i n  thunderstorms. They were discussed more o r  less i n  d e t a i l  

i n  [5, 141. A common f e a t u r e  of t h e  overwhelming major i ty  of them is  t h e  f a c t  

t h a t  elementary e l e c t r i f i c a t i o n  arises as t h e  r e s u l t  of the a c t i o n  of contact  

phenomena, i n  which l a r g e  p a r t i c l e s  are charged n e g a t i v e l y  and t h e  small  ones 

p o s i t i v e l y ,  b u t  t h e  d e t a i l s  of t h e  processes  d i f f e r  i n  d i f f e r e n t  mechanisms. 

The separa t ion  of t h e  p a r t i c l e s  of equal  s i z e  takes p l a c e  under t h e  inf luence  

of g r a v i t a t i o n a l  forces .  

L e t  us b r i e f l y  descr ibe  t h e  mechanisms which are apparent ly  most a c t i v e ,  

and t u r n  our a t t e n t i o n  t o  t h e  considerable  v a r i a b i l i t y  i n  t h e  p a r t i c l e  s i z e s  

and t h e  a l t i t u d e s  a t  which thunderstorm clouds occur ,  as w e l l  as t h e  d e f i n i t e  

l o c a l i z a t i o n  of areas i n  which charges are produced w i t h  r e s p e c t  t o  t h e  zero 

isotherm (-5, -20’ C) . The r a t i o s  between t h e  boundaries of th is  region and 

t h e  h e i g h t s  of the  bottom and top of t h e  convective cloud have a c r i t i ca l  

e f f e c t  on a thunderstorm a c t i v i t y ,  on t h e  considerable  r o l e  played by prec ip i -  

t a t i o n  and t h e  i c e  phase i n  t h e  c r e a t i o n  of condi t ions f o r  the appearance of 

l i g h t n i n g ,  and on t h e  f a c t  t h a t  t h e  nega t ive  charge on t h e  cloud i s  n o t  removed 

by p r e c i p i t a t i o n .  Therefore ,  Y e .  Vorkman [27 ]  proposed the fol lowing system 
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f o r  formation of t h e  b a s i c  cloud charges. 

are formation of w e t  h a i l s t o n e s ,  and s e p a r a t i o n  of w a t e r  from them, and t h e  

c o l l i s i o n  of r e l a t i v e l y  dry and cold ice p a r t i c l e s  with drops of supercooled 

w a t e r ,  l ead ing  t o  p a r t i a l  f r e e z i n g  of t h e  d r o p l e t s ,  subsequent explosion and 

s h a t t e r i n g  of the  w a t e r .  

are p o s i t i v e l y  charged, as requi red  by t h e  mechanism of Workman and Reynolds. 

Both processes  can t a k e  p lace  i n  a zone where t h e  p r e c i p i t a t i o n  p a r t i c l e s  grow 

due t o  t h e  formation of a s o l i d  phase i n  them. 

t h e  s o l i d  phase of t h e  p r e c e i p i t a t i o n  particles ceases and melt ing begins ,  

c o l l i s i o n s  of p r e c i p i t a t i o n  p a r t i c l e s  w i t h  cloud p a r t i c l e s  leads  t o  " s p i l l i n g "  

of t h e  negat ive charge,  concentrated on t h e  moist  sur face .  Soon a l a r g e  p a r t  

of t h e  charge t r a n s f e r s  t o  t h e  small  d r o p l e t s  of water  which a r e  c a r r i e d  up- 

ward by r i s i n g  c u r r e n t s .  The r i s i n g  d r o p l e t s  w i l l  i n t e r a c t  with o t h e r  i ce  

p a r t i c l e s  , which have a l ready  acquired t h e i r  charges due t o  t h e  mechanisms 

descr ibed above. Hence, a cascade process  opera tes ,  a s  t h e  r e s u l t  of which a 

charge i s  b u i l t  up i n  t h e  nega t ive ly  charged a r e a  by t h e  f a l l i n g  i c i c l e s .  The 

p r e c i p i t a t i o n  does n o t  c a r r y  away a s i g n i f i c a n t  charge from t h e  cloud. The 

lower p o s i t i v e  charge of t h e  cloud is  formed as t h e  r e s u l t  of i n t e n s i v e  

e l e c t r i f i c a t i o n  of l a r g e  d r o p l e t s  i n  powerful e l e c t r i c a l  f i e l d s  ( f o r  example, 

[135]).  More d e t a i l e d  information regarding t h i s  mechanism may be found i n  

[27, 1 7 2 ,  1731. Latham and Stow, who measured t h e  concentrat ion and t h e  

charge of l a r g e  and r e l a t i v e l y  small  p a r t i c l e s  d i r e c t l y  i n  var ious  convective 

clouds,  and a l s o  observed t h e  shape of t h e  i c e  p a r t i c l e s ,  reached t h e  con- 

c l u s i o n  t h a t  t h e  e l e c t r i f i c a t i o n  has t o  do pr imar i ly  with t h e  induct ion  

mechanism of J .  S a r t o r  [79] and t h e  Raynolds-Brook mechanism [14, 142, 221 

which opera tes  during t h e  c o l l i s i o n s  of i c e  c r y s t a l s  wi th  graupel  p a r t i c l e s .  

Two processes  may b e  active. They 

The f i n e  p a r t i c l e s  of w a t e r  which explode and scatter 

I n  t h e  zone where t h e  growth of /54 

L.  G .  Kachurin [54] f e e l s  t h a t  t h e  e l e c t r i f i c a t i o n  which takes  p lace  

during t h e  explosions of d r o p l e t s  i s  s u f f i c i e n t  f o r  t h e  p r i n c i p a l  charges of 

t h e  thunderstorm cloud t o  b e  formed and maintained with the  same l o s s e s  t h a t  

t ake  p lace  i n  t h e  cloud. 
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W e  can assume [116] t h a t ,  i n  genera l  o u t l i n e s ,  t h e  formation o f  t h e  

p r i n c i p a l  charges i n  cumulonimbus clouds,  r e g a r d l e s s  of what t h e  mechanism of 

charging the i n d i v i d u a l  p a r t i c l e s  may be,  i s  similar t o  the charging of nimbo- 

s t r a t u s  clouds, b u t  with t h e  d i f f e r e n c e  t h a t  s t a t i o n a r y  condi t ions  are n o t  

achieved i n  cumulonimbus clouds.  However, on t h e  whole, it is  charged nega- 

t i v e l y ,  due t o  t h e  p o s i t i v e l y  charged p r e c i p i t a t i o n ,  whi le  i n  i ts  upper p a r t  

(due t o  t h e  conduct ivi ty  cur ren ts )  a p o s i t i v e  charge is s t o r e d .  

This charging system is shown i n  Figure 2.4.  

Figure 2.4.  Charging of cumulonimbus cloud (ac-  

a ,  b y  c y  d = successive s t a g e s  of  p r e c i p i t a t i o n .  

cording t o  I. Imyanitov) . 

A l l  of the  charging mechanisms which we have discussed,  inc luding  the  

method f o r  explaining t h e  f i e l d  s i g n  r e v e r s a l  above cumulonimbus clouds i n  t h e  

course of t h e i r  development ( t r a n s f e r  of nega t ive ly  charged p r e c i p i t a t i o n  par- 

t i c l e s  by a powerful convective cur ren t  t o  t h e  upper p a r t  of t h e  cloud during 

t h e  f i r s t  s t a g e  of i t s  development [ 5 2 ] ,  o r  t h e  f a l l  of p o s i t i v e l y  charged 

p r e c i p i t a t i o n  a t  t h i s  s t a g e ) ,  are hypothe t ica l  t o  some degree,  s i n c e  w e  lack  

s u f f i c i e n t  da ta  on t h e  microphysics and e l e c t r i c a l  c h a r a c t e r i s t i c s  wi th in  

clouds.  I n  addi t ion ,  t h e  development of ideas  regarding t h e  e l e c t r i f i c a t i o n  

of thunderstorm clouds is valuable  not only from t h e  cogni t ive  s tandpoin t ,  
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i but  pr imar i ly  f o r  t h e  development of methods f o r  in f luenc ing  thunderstorms. /55 

Measurement of e l e c t r i c a l  c h a r a c t e r i s t i c s  wi th in  clouds i n  conjunction 

with t h e  measurements of  a e r o l o g i c a l  and microphysical c h a r a c t e r i s t i c s  has  been 

and s t i l l  is one of t h e  most important problems. i n  t h e  i n v e s t i g a t i o n  of cloud 

e l e c t r i c i t y  [13]. 

The accumulation of space charges i n  a cloud i s  hindered by l o s s e s .  U n t i l  

recent ly ,  i t  w a s  f e l t  t h a t  the  e lectr ical  c u r r e n t s  t h a t  flow above thunderstorm 

clouds are approximately equal  t o  t h e  c u r r e n t s  i n  t h e  clouds.  I n  1956, another  

viewpoint w a s  expressed, and i n  1965, E.  J. Workman [27 ]  s t a t e d  t h a t  a thunder- 

s torm cloud must b e  considered t o  b e  an electrical machine w i t h  very poor in-  

s u l a t i o n .  It is n a t u r a l  t h a t  e l e c t r i c a l  charges may be l o s t  due t o  t h e  e l e c t r i -  

cal conduct ivi ty  of t h e  medium. Direct measurements of e l e c t r i c a l  conduct ivi ty  

i n  thunderstorm clouds could not  be performed u n t i l  r e c e n t l y ,  but  measurement 

of t h e  f i e l d  r e l a x a t i o n  t i m e  following a s t r o k e  of l i g h t n i n g  showed t h a t  the 

e f f e c t i v e  e l e c t r i c a l  conduct ivi ty  i n  t h e  a c t i v e  p a r t  of t h e  thunderstorm cloud 

is  s e v e r a l  t e n s  of t i m e s  h igher  than t h a t  i n  t h e  surrounding atmosphere, and can 

change from one cloud t o  another.  Consequently, t h e  change i n  t h e  magnitude 

of t h e  charge on cumulonimbus clouds may a l s o  change not iceably  f o r  t h e  s a m e  

reason. The reason f o r  such g r e a t  e l e c t r i c a l  conduct ivi ty  i s  n o t  c l e a r ,  b u t  

may have something t o  do with increased i o n i z a t i o n  i n  t h e  a c t i v e  p a r t  of t h e  

cloud, and t h e r e f o r e  i s  reduced t o  ohmic conduct ivi ty .  I n c i d e n t a l l y ,  i n  cumulo- 

nimbus clouds,  i n  c o n t r a s t  t o  N s ,  an increase  i n  t h e  number of p a r t i c l e s  may 

l e a d  t o  an i n c r e a s e  i n  e l e c t r i c a l  conduct ivi ty .  Increased e f f e c t i v e  e l e c t r i c a l  

conduct ivi ty  may be a consequence of high turbulence and divergence of v e r t i c a l  

a i r f lows ,  and consequently may have a n o n e l e c t r i c a l  o r i g i n .  However, regard less  

of what the  s p e c i f i c  mechanism may have been f o r  formation of conduct ivi ty  i n  

t h e  cloud, i t  i s  c l e a r  t h a t  i t s  changes can c o n t r o l  t h e  p r o b a b i l i t y  of t h e  

thunderstorm process  i n  t h e  cloud. I n  a cloud w i t h  a r e l a t i v e l y  weak e lectr ical  

p r e c i p i t a t i o n  c u r r e n t ,  thunderstorm phenomena may arise i f  t h e  conduct ivi ty  /56 
is  low. On t h e  o t h e r  hand, thunderstorm phenomena may not  develop i f  t h e  con- 

d u c t i v i t y  i s  high i n  a cloud w i t h  s t r o n g  e l e c t r i c a l  p r e c i p i t a t i o n  c u r r e n t s  [1161. 
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F a i l u r e  t o  p r e d i c t  thunderstorms i n  a number of cases may have t o  do wi th  

f a i l u r e  t o  consider  t h e  inf luence  of cloud conduct ivi ty .  D i f f i c u l t i e s  i n  

p r e d i c t i n g  night t ime thunderstorms , c h a r a c t e r i s t i c s  of t h e  development of 

thunderstorms above water ,  l a t i t u d i n a l  c h a r a c t e r i s t i c s  of thunderstorm 

development, etc. ,  may b e  l a r g e l y  r e l a t e d  t o  t h e  magnitude of t h e  electrical  

l o s s e s  i n  t h e  clouds and t h e i r  e lectr ical  conduct ivi ty .  W e  know f o r  example 

(Table 2 .3 )  t h a t ,  as w e  move toward t h e  equator ,  t h e  minimun th ickness  of t h e  

clouds which can produce thunderstorm phenomena i n c r e a s e s  [116]. It would 

appear t h a t ,  as w e  move toward t h e  equator ,  the p o s s i b i l i t y  of thunderstorms 

becomes g r e a t e r  due t o  t h e  g r e a t e r  i n f l u x  of h e a t  and moisture.  

n o r t h  thunderstorm phenomena w i l l  develop i n  a cloud wi th  a given thickness ,  

they w i l l  appear with more l i k e l i h o o d  when t h i s  cloud moves toward t h e  equator .  

I n  r e a l i t y ,  (Table 2 . 3 ) ,  t h e  opposi te  e f f e c t  is  observed. As a cloud moves 

toward lower l a t i t u d e s ,  thunderstorm phenomena arise i n  i t  only i f  t h e  clouds 

are t h i c k ,  and g r e a t e r  c u r r e n t s  flow i n  them and h igher  charges develop than 

a t  h igher  l a t i t u d e s .  

produce l i g h t n i n g ,  as one moves toward t h e  equator ,  u s u a l l y  has  t o  do wi th  an 

accompanying i n c r e a s e  i n  t h e  l e v e l  of t h e  zero  isotherm, s i n c e  it is  f e l t  t h a t ,  

f o r  accumulation of charges,  development of an i c e  phase i s  necessary.  

d a t a  i n  Table 2 .3 ,  however, i n d i c a t e  t h a t ,  as t h e  l a t i t u d e  decreases ,  t h e  

th ickness  of t h e  supercooled p a r t  of t h e  cloud increases .  

merely an i n c r e a s e  i n  the  zero isotherm would be i n s u f f i c i e n t  t o  expla in  t h e  

growth t h a t  i s  noted i n  t h e  minimum thicknesses  of thunderstorm clouds.  

While i n  t h e  

The increase  i n  t h e  maximum th ickness  of clouds which 

The 

I n  o t h e r  words, 

We can assume t h a t  t h e r e  i s  an increase  i n  turbulence and convection i n  

clouds which move toward lower l a t i t u d e s ,  i .e . ,  t h e r e  i s  an i n c r e a s e  i n  t h e  

e f f e c t  of conduct ivi ty .  Then t h e  accumulation of e lectr ical  charges i n  t h e  

clouds becomes more d i f f i c u l t .  The cloud must conta in  more drops,  and t h e  

drops themselves m u s t  reach l a r g e r  s i z e s  and accumulate l a r g e r  charges i n  order  

t o  create s u f f i c i e n t l y  l a r g e  space charges. But t h i s  r e q u i r e s  high v e l o c i t y  

of v e r t i c a l  cur ren ts  i n  t h e  cloud, and correspondingly g r e a t e r  thicknesses .  

/57 
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TABLE 2.3 

A r e a  s tud ied  

Leningrad 

Cape Mirotomissaki 

F l o r i d a  (USA) 

New Delhi  ( India)  

Poona (India)  

(Japan9 

Minimum thick- 
ness  of clouds 
f o d n g  thun- 
derstorm 
phenomena wi th  
90% p r o b a b i l i t y  

m 

5 100 

Aver age 
a1 t i  tude 
is0 t herm 
Oo C y  m 

3000 

7500 4900 

7900 4400 

9400 5600 

Source 

The convection dependence of t h e  c r i t e r i o n  f o r  t h e  danger o f  thunder- 

storms Y,  one of whose components i s  t h e  a l t i t u d e  of t h e  upper l i m i t  

of  t h e  cloud, w a s  noted by Y e .  M. Sal'man, S. B. Gashina and L. I. Kuznetsova 

[78] .  According t o  t h e i r  da ta ,  t h e r e  is a l i n e a r  r e l a t i o n s h i p  between Y and 

t h e  i n s t a b i l i t y  energy E c h a r a c t e r i z i n g  convection. This r e l a t i o n s h i p  has  t h e  

form Y = aE + b. 

I f  t h e  e l e c t r i c a l  l o s s e s  i n  t h e  clouds decrease s i g n i f i c a n t l y  - i .e . ,  if 

t h e r e  is a decrease i n  conduct ivi ty  - thunderstorm phenomena may arise, even 

i n  systems wi th  very s m a l l  e lectr ical  c u r r e n t s  i n  which a t tenuated  e l e c t r i f i -  

c a t i o n  processes  are t a k i n g  place.  

Thus, f o r  example, w e  can expla in  the  appearance of l i g h t n i n g  i n  warm 

clouds [93, 1301. A s  a r u l e ,  thunderstorms of t h i s  kind are observed n e a r  

w a t e r  dur ing t h e  evening hours,  i . e . ,  when w e  can expect reduced turbulence.  
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A very valuable  mans of studying the l o s s e s  i n  clouds is  the measurement 

of t h e  f i e l d  r e l a x a t i o n  t i m e  fol lowing l igh tn ing .  W e  can expect  d i f f e r e n c e s  

i n  t h e  r e l a x a t i o n  t i m e  of t h e  f i e l d  of thunderstorms which arise i n  clouds of 

mixed s t r u c t u r e  and i n  warm clouds. 

The reasons f o r  t h e  formation of p a r t i c l e  charges have been discussed i n  

Sect ion 1 i n  genera l  form. A more concrete  a n a l y s i s  i s  precluded by the 

following: 

the microphysics of processes  i n  thunderstorm clouds is a b s o l u t e l y  i n s u f f i c i e n t .  

Consequently, it i s  impossible  t o  test  t h e  agreement of s p e c i f i c  t h e o r e t i c a l  

systems with t h e  a c t u a l  s ta te  of t h e  clouds. Secondly, as w e  s h a l l  demonstrate 

later on, e l e c t r i f i c a t i o n  processes  i n  thunderstorm clouds,  which are deter-  

mined by t h e i r  microphysics,  may themselves have an important in f luence  on t h e  

microphysical s ta te ,  and consequently, may cont ro l  macroprocesses i n  t h e  

clouds. 

F i r s t l y ,  as w e  have a l ready  pointed out  t h a t  our  knowledge of 

L e t  us merely note  t h a t  t h e  mechanism of contac t  success ive  e l e c t r i f i -  

c a t i o n  [38 ,  711 is  s u f f i c i e n t l y  e f f e c t i v e ,  s o  t h a t  i t  can expla in  space charges 

both i n  mixed and even i n  w a r m  cumulonimbus clouds. 

A s p e c i f i c  c h a r a c t e r i s t i c  of cumulonimbus clouds i s  t h e  presence of l a r g e  

space charges i n  t h e  zones of inhomogeneity which are s c a t t e r e d  through t h e  

e n t i r e  volume of t h e  cloud. The appearance of t h e s e  zones, as i n  the  case of 

cumulus congestus clouds,  i s  again r e l a t e d  t o  t h e  presence of r i s i n g  and 

descending movements, al though i n  t h i s  case, i t  i s  n o t  clear why l a r g e  space 

charges develop i n  the  flow zones. W e  can only assume t h a t  t h e  d i s t r i b u t i o n  

of p a r t i c l e s  and charges a t  a given l e v e l  a cloud without  flows r a p i d l y  

takes  on a q u a s i s t a t i o n a r y  n a t u r e ,  i n  which t h e  development of t h e  cloud - /58 
a change i n  t h e  s p e c t r a  of t h e  p a r t i c l e  dimensions and charges - s t o p s ,  i . e . ,  

t h e  entropy of t h e  system i n c r e a s e s  i n t e n s i v e l y .  The  appearance of  flows 

i n  t h e  cloud - which t r a n s p o r t  charged p a r t i c l e s  (with s p e c t r a  of p a r t i c l e  

dimensions and charges e s t a b l i s h e d  f o r  a given l e v e l )  t o  some o t h e r  l e v e l ,  f o r  

which t h e s e  s p e c t r a  are not  s t a t i o n a r y ,  with s p e c t r a  t ransformation which 
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accompanies t h i s  process  - l e a d s  t o  a decrease i n  the entropy of  t h e  system 

and a c c e l e r a t i o n  of t h e  cloud development. 

L e t  us discuss  the  r o l e  of inhomogeneities i n  t h e  formation of l i g h t n i n g  

i n  t h e  cloud. 

charges i n  t h e  cloud is too s m a l l  t o  generate  thunderstorm discharges.  I n  

inhomogeneities, a f i e l d  i n t e n s i t y  could develop (although b r i e f l y )  s u f f i c i e n t  

t o  s ta r t  t h e  discharge,  whose development is maintained by the  b a s i c  charges 

s tored  by t h e  cloud. I n  c louds,  t h e  p r o b a b i l i t y  of inhomogeneities 

i n c r e a s e s  wi th  an i n c r e a s e  i n  t h e  i n t e n s i t y  of convection and with t h e  growth 

of turbulence.  Hence, on t h e  one hand, t h e  t u r b u l e n t  streams i n  t h e  cloud 

prevent t h e  development of thunderstorm phenomena, s i n c e  they promote d iss ipa-  

t i o n  of t h e  b a s i c  charges of t h e  thunderstorm cloud. On t h e  o ther  hand, they 

promote t h e  development of l i g h t n i n g ,  which cont r ibu tes  t o  t h e  formation of  

e l e c t r i c a l  inhomogeneities i n  t h e  cloud. Another f a c t o r  may be r e l a t e d  t o  

t h i s  dual r o l e  of convection and turbulence i n  t h e  cloud which complicates t h e  

p r e d i c t i o n  of thunderstorm phenomena, e s p e c i a l l y  i n  "atypical"  condi t ions 

(thunderstorms over  water ,  n ight t ime thunderstorms, win ter  thunderstorms).  

The f i e l d  i n t e n s i t y  which i s  produced by t h e  b a s i c  

W e  should note  t h a t  i n  many cases h igh  e l e c t r i c a l  b a s i c  charges can exist  

i n  clouds which are s u f f i c i e n t  t o  maintain thunderstorm discharges;  a t  t h e  

same t i m e ,  the inhomogeneities t h a t  are necessary f o r  i t s  i n i t i a t i o n  may be 

absent.  I n  those clouds which develop a t  m i d d l e  l a t i t u d e s  i n  win ter ,  e a r l y  

s p r i n g  and l a t e  f a l l ,  t h e r e  i s  usua l ly  no turbulence i n  t h e  region of large-  

drople t  p r e c i p i t a t i o n ;  t h e  th ickness  of these  clouds may be 1-2  ki lometers  

a t  most. The e n t r y  i n t o  such clouds of an e l e c t r i c a l l y  charged a i r c r a f t  which 

can p lay  t h e  r o l e  of an e l e c t r i c a l  inhomogeneity ( i t  can begin an e l e c t r i c a l  

discharge) l e a d s  t o  t h e  development of l i g h t n i n g ,  which s t r i k e s  t h e  a i r c r a f t  

121. 

I n  thunderstorm clouds , a c o r r e l a t i o n  between n o n e l e c t r i c a l  and e l e c t r i c a l  

processes  i s  most c l e a r l y  ev ident ;  f o r  example, t h e  i n t e n s i t y  of p r e c i p i t a t i o n  

and convection wi th  e l e c t r i f i c a t i o n  of clouds. The d i s c l o s u r e  of t h e s e  
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r e l a t i o n s h i p s  and t h e i r  n a t u r e  i s  of considerable  importance f o r  methods of 

d iagnos is  and physics  of clouds.  

c h a r a c t e r i s t i c  of cloud processes  as t h e  i n t e n s i t y  of the e l e c t r i c a l  f i e l d  i n  

i t s  v i c i n i t y  is an i n d i c a t o r  of  the  development of  t he  cloud i n  the  n a t u r a l  

s ta te  and of a cloud which i s  subjec ted  t o  active inf luences  [ 3 9 ,  8 3 ,  1161. 

The inf luence  of turbulence on t h e  development of l i g h t n i n g ,  e t c . ,  has a l s o  

been discussed.  

It has a l ready  been noted t h a t  such a 

Unfortunately,  w e  s t i l l  do n o t  have a complete q u a l i t a t i v e  p i c t u r e  of 

t h e  r e l a t i o n s h i p  between the  n o n e l e c t r i c a l  and electrical  processes  i n  

cumulonimbus clouds,  not  t o  mention t h e  q u a n t i t a t i v e  aspec t  of t h e  phenomena. 

The p o s s i b i l i t y  of d i sc los ing  the  causa t ive  r e l a t i o n s h i p  of e l e c t r i c a l  and 

n o n e l e c t r i c a l  processes  i n  c louds i s  based on answers t o  ques t ions  of how 

meteorological  processes  i n  clouds a f f e c t  e l e c t r i c a l  ones,  and how t h e  l a t te r  

a f f e c t  n o n e l e c t r i c a l  processes  and phenomena. Current information which makes 

i t  poss ib l e  t o  answer t h e  f i r s t  ques t ion  has been given above. L e t  us t r y  t o  

answer t h e  second quest ion,  t ak ing  i n t o  account t he  f a c t  t h a t  t h i s  answer may 

a l s o  be extended t o  processes  which take p lace  i n  o t h e r  than cumulonimbus 

clouds. 

5 3 .  Inf luence  o f  t h e  E l e c t r i c a l  C h a r a c t e r i s t i c s  of a 

Cloud on i t s  Development 

The most d i s r u p t i v e  i n t e n s i v e  showers and the  cloud which disappears  

without  a t r a c e  i n  good weather owe t h e i r  ex i s t ence  and t h e i r  e n t i r e  h i s t o r y  

t o  t h e  formation of i nd iv idua l  p a r t i c l e s  of p r e c i p i t a t i o n  and t h e  e f f ec t iveness  

of t h e i r  i n t e r a c t i o n .  The c o l l e c t i v e  na ture  of the  e f f e c t s  i n  t h e  cloud 

unquestionably complicates a cons idera t ion  of t h e  changes i n  ind iv idua l  p a r t i -  

cles. W e  have already poin ted  out  t h a t  t he  inc rease  i n  t h e  charges on p a r t i c l e s  

i s  accompanied by a growth i n  the  f i e l d  of t h e  cloud, expressed i n  t h e  inc rease  

of charges. Subsequent c o l l i s i o n s  of p a r t i c l e s  l ead  t o  accumulation of charges 

on them. L. Levin and Yu. Sedunov [65] state: 'I.. . I n  recent  yea r s ,  t h e r e  

has been a gap i n  t h e  s tudy of microphysical phenomena i n  clouds.  

has  s h i f t e d  from a s tudy of elementary processes  t o  a s tudy of t h e  behavior 

The emphasis 
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of an aggregate  of d r o p l e t s  ..., and a need has  a r i s e n  t o  reduce t h e  

problems of formation of p r e c i p i t a t i o n  t o  a mathematical model 

of t h e  phenomena and a s o l u t i o n  of t h e  appropr ia te  system of equations." 

Despi te  t h e  accuracy of t h i s  s ta tement  of t h e  problem, w e  m u s t  no te  wi th  r e g r e t  

t h a t  i t  cannot b e  solved i n  a form which i s  s u i t a b l e  f o r  p r a c t i c a l  use i f  w e  

do n o t  know the cons tan ts  of  the kinetics of t h e  development and growth of 

cloud p a r t i c l e s  and t h e  cons tan ts  of t h e  pa i red  i n t e r a c t i o n s  between them. 

Hence, t h e  problem of  t h e  c o l l e c t i v e  processes  i n  clouds merely extends,  b u t  

does n o t  replace,  t h e  problem of elementary processes.  

Under labora tory  condi t ions,  a g r e a t  many processes  have been s t u d i e d  i n  

which electrical  f o r c e s  inf luence  t h e  development of p a r t i c l e s .  The charges 

on drops wi th  a r a d i u s  of less than 10 cm i n f l u e n c e  t h e  condi t ions of con- 

densat ion of vapor on them [ 8 ] .  I n  s t r o n g  electrical  f i e l d s ,  drops may b e  

elongated and broken up [121, 1221. Under t h e  inf luence  of e l e c t r i c a l  f o r c e s ,  - /60 

t h e  condi t ions of c o l l i s i o n  and fus ion  of p a r t i c l e s  of clouds and p r e c i p i t a t i o n  

change. Under t h e  inf luence  of e l e c t r i c a l  forces  on p a r t i c l e s ,  t h e r e  is in-  

creased growth of hoar ,  and t h e  e l e c t r i c a l  f o r c e s  a f f e c t  t h e  p r o b a b i l i t y  of 

f r e e z i n g  of t h e  drops t o  some degree [139, 106, 1291. The r o l e  of macroeffects  

may b e  grea t .  It has been shown i n  q u a l i t a t i v e  e s t i m a t e s  t h a t  electrical  

forces  may inf luence  t h e  t i m e  the  drops remain i n  t h e  cloud, and thereby may 

promote i t s  growth. The p a r t i c l e s  which are charged near  t h e  l i g h t n i n g  channel 

and s c a t t e r e d  throughout t h e  cloud may l e a d  t o  a very rap id  growth of t h e  drops 

i n  t h e  cloud [121]. F i n a l l y ,  i t  i s  p o s s i b l e  to have a complex i n t e r a c t i o n  of 

e l e c t r i c a l  and n o n e l e c t r i c a l  processes  with t h e  prescence of feedback between 

them. Thus, t h e  e l e c t r i c a l  f i e l d s  i n  t h e  cloud depend on t h e  number and charges 

of t h e  p a r t i c l e s ,  and t h e  p a r t i c l e s  which are destroyed i n  t h e  e lectr ical  f i e l d  

are e l e c t r i f i e d :  t h e  c o e f f i c i e n t  of coagulat ion o f  t h e  p a r t i c l e s  t h a t  are 

formed is a f f e c t e d  by t h e i r  charge. The explosion of a f reez ing  drop is  accom- . 

panied by e l e c t r i f i c a t i o n  of t h e  fragments t h a t  f l y  out  i n  a l l  d i r e c t i o n s .  A t  

t h e  s a m e  t i m e ,  t h e s e  fragments, s t r i k i n g  supercooled d r o p l e t s ,  t r i g g e r  a series 

of new explosions,  etc.,  which leads  t o  t h e  formation of a f i e l d  i n  t h e  cloud 

-6 
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which a f f e c t s  t h e  p r o b a b i l i t y  of  f reez ing .  To s o l v e  the problems concerning 

t h e  inf luence  of electrical  characteristics on t h e  "nonelec t r ica l"  processes  

i n  clouds,  i t  is  necessary,  f i r s t  of a l l ,  t o  select - from t h e  e n t i r e  col lec-  

t i o n  of  electrical  e f f e c t s  - t h a t  e f f e c t  which can take p l a c e  i n  clouds of 

a l l  types.  Secondly, i t  is necessary t o  determine t h e  cons tan ts  of t h e  k i n e t i c s  

of t h e  development and i n t e r a c t i o n  of cloud p a r t i c l e s ,  and their values  must 

be compared wi th  t h e  cons tan ts  which act i n  t h e  absence of  e lectr ical  forces .  

F i n a l l y ,  i n  t h e  t h i r d  p l a c e ,  w e  must determine t h e  rates a t  which t h e  process 

takes  p lace  i n  t h e  clouds. To s o l v e  t h e  f i r s t  problem, an important r o l e  i s  

played by t h e  comparison of experimental  d a t a  on cloud e l e c t r i c i t y  with t h e  

d a t a  from labora tory  and t h e o r e t i c a l  s t u d i e s  of t h e  i n f l u e n c e  of electrical  

forces  on t h e  condi t ions of p a r t i c l e  development , inc luding  t h e i r  pa i red  

i n t e r a c t i o n s .  

L e t  us d i scuss  t h e  i n f l u e n c e  of e lectr ical  forces  on t h e  behavior of 

p a r t i c l e s  i n  clouds.  

observed without in t roducing  any a d d i t i o n a l  f a c t o r s .  L e t  us recal l ,  f o r  

example, t h a t  convective clouds develop s o  rap id ly  t h a t  only coagulat ion of 

t h e  cloud d r o p l e t s  can i n s u r e  t h e  required rate of growth of t h e  d r o p l e t s ;  a t  

t h e  same t i m e ,  however, (according t o  Hocking [115]),  drops wi th  a radius  less 

than 19 microns cannot c o l l i d e  (according t o  Davis and S a r t o r  [98] ,  t h e  coef f i -  

c i e n t  of t h e i r  coagulat ions [Figure 2.51 i s  very small)  , while  t h e  condensation 

growth of d r o p l e t s  t o  a rad ius  which exceeds t h e  rad ius  of t h e  forbidden coagu- 

l a t i o n  requi res  a much g r e a t e r  t i m e  than the  time necessary f o r  cloud develop- 

ment. Without dwelling on t h e  var ious assumptions t o  e x p l a i n  t h i s  cont rad ic t ion ,  

I n  many cases  w e  cannot e x p l a i n  the phenomena which are 

w e  w i l l  only note  t h a t  t h e  appearance of charges on d r o p l e t s  and e l e c t r i c a l  /61 
f i e l d s  is ab le  t o  remove t h i s  cont rad ic t ion ,  i f  t h e  forbidden coagulat ion a r e a  

i s  s h i f t e d  toward s m a l l  d r o p l e t s .  Moore and Vonnegut [134] observed an inten-  

sive f a l l  of p r e c i p i t a t i o n  from highly e l e c t r i f i e d  clouds a very s h o r t  t i m e  

a f t e r  t h e  development of a r a d a r  echo from t h e  cloud. They est imated t h a t  t h e  

e f f e c t i v e n e s s  of t h e  capture  of the  d r o p l e t s  i n  t h e s e  clouds was 4-10 t i m e s  

g r e a t e r  than the values  assumed f o r  n o n e l e c t r i f i e d  clouds.  The e f f e c t i v e n e s s  
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of t h e  capture ,might  have changed due t o  t h e  

i n c r e a s e  of t h e  r e l a t i v e  capture  c r o s s  s e c t i o n  

( c o l l i s i o n  c o e f f i c i e n t )  and an i n c r e a s e  i n  

the  e f f e c t i v e n e s s  of merging during c o l l i s i o n s .  

Inf luence  of e l e c t r i c a l  forces  on t h e  

p-r?bab-ility of p a r t i c l e  c o l l i s i o n s .  Calcula- 

t i o n s  of t h e  inf luence  of electrical  f o r c e s  

on t h e  c o l l i s i o n  c o e f f i c i e n t  of d r o p l e t s  w e r e  

performed by Levin [ 4 ,  641, Levin and Sedunov 

Figure 2.5. Coef f ic ien t  of 

[ 661, Krasnogorskaya [ 59, 601 , Semonin [ 1481, 

Davis and S a r t o r  [98], S a r t o r  and M i l l e r  [146],  

c o l l i s i o n  E of two uncharged and o thers .  From t h e i r  c a l c u l a t i o n s ,  i n  
drops i n  t h e  absence of an 
e lectr ical  f i e l d ,  according p a r t i c u l a r ,  i t  follows t h a t  t h e  e lectr ical  

- 

t o  [1351. forces  have l i t t l e  i f  any inf luence  on t h e  c o l l i -  

s i o n  c o e f f i c i e n t  of drops with a diameter 

g r e a t e r  than 50 microns. The c o l l i s i o n  coef f i -  

A1 - rad ius  of l a r g e  drop; 

A2 - rad ius  of smaller drop; 

1 - according t o  [135]; 
2 - according t o  [134].  
Numbers above curves : 

c i e n t  of d r o p l e t s  with a d i ame te r  less than 

10 microns (with t h e  appearance of e l e c t r i c a l  
A values ,  i n  microns. charges which are found i n  a l l  forms of clouds) 

i s  much g r e a t e r  than zero.  The inf luence  of 
1 

e l e c t r i c a l  forces  on t h e  c o l l i s i o n  of l a r g e r  cloud p a r t i c l e s  i s  connected with 

t h e  appearance of e l e c t r i c a l  f i e l d s  with an i n t e n s i t y  g r e a t e r  than l o 4  V/m,  

and/or charges on p a r t i c l e s  w i t h  more than 1000 elementary charges.  

of e l e c t r i c a l  charges may b e  increased  i f  w e  consider  t h e  e f f e c t  of tu rbulen t -  

e l e c t r i c a l  coagulat ion [66].  This  mechanism becomes e f f e c t i v e  when t h e  charges 

on t h e  drops exceed t h e  observed average values  3 t o  10  t i m e s .  

The e f f e c t  

It follows from t h e  c a l c u l a t i o n s  of  N. V. Krasnogorskaya [59, 601, f o r  

example, t h a t  i f  t h e  c o l l i s i o n  c o e f f i c i e n t  of two uncharged p a r t i c l e s  wi th  

r a d i i  of 15 and 20 microns equals  0 .8  i n  t h e  absence of a f i e l d ,  then i n  v e r t i -  

cal f i e l d s  wi th  i n t e n s i t i e s  of 2 x lo5,  6 x 10 

of capture  w i l l  be  equal  t o  1.6, 5.2 and 8.4, respec t ive ly .  For uncharged 

5 6 and 10 V/m,the c o e f f i c i e n t s  
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d r o p l e t s  w i t h  r a d i i  o f  6 and 8 microns, t h e  capture  c o e f f i c i e n t  is equal  t o  

zero i n  t h e  absence of a f i e l d ,  and 1 and 4 i n  f i e l d s  w i t h  i n t e n s i t i e s  of 

5 x 10 and 10 V/m, respec t ive ly .  The appearance of charges of corresponding 

s i g n s o n  t h e  d r o p l e t s  may f u r t h e r  increase t h e  capture  c o e f f i c i e n t .  

- I 6 2  

4 5 

W e  have already mentioned earlier t h a t  i n  clouds of d i f f e r e n t  forms zones 

wi th  d i f f e r e n t  degrees of p r o b a b i l i t y  may develop i n  which an e lectr ical  f i e l d  

exceeds t h e  average many t i m e s .  

I f  such a p r o b a b i l i t y  i s  low i n  t h e  case of S t  and Sc  clouds,  then i n  the  

case  of N s  a t  middle l a t i t u d e s  a f i e l d  with an i n t e n s i t y  of more than 10,000 V/m 

i s  found i n  0.1% of t h e  t o t a l  volume, while  i n  cumulus congestus clouds and 

cumulonimbus clouds t h e  p r o b a b i l i t y  of encountering a f i e l d  w i t h  an i n t e n s i t y  

of more than 10,000 v / m  i s  g r e a t e r .  

I n  these  zones of increased  f i e l d s  and l a r g e  space charges,  drops w i l l  

most l i k e l y  b e  found whose charges are many t i m e s  g r e a t e r  than t h e  average 

charges of d r o p l e t s .  

are s u f f i c i e n t  t o  s i g n i f i c a n t l y  i n c r e a s e  t h e  c o l l i s i o n  c o e f f i c i e n t  of t h e  cloud 

p a r t i c l e s  (Figure 2.6).  

p r e c i p i t a t i o n  t h a t  f a l l s  from t h e  cloud, t h e  f a s t e r  t h e  development of t h e  

cloud takes p lace  and t h e  more l i k e l y  i t  is  t h a t  w e  w i l l  f i n d i n  i t  e l e c t r i c a l l y  /Fj3 
a c t i v e  zones, i n  which t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  may i n t e n s i f y  coag- 

u l a t i o n  s i g n i f i c a n t l y .  

of the  e l e c t r i c a l  f i e l d  with t h e  radar  echo of t h e  clouds has  no phys ica l  

b a s i s ,  t h e  quest ion then a r i s e s :  is i t  p o s s i b l e  t h a t  t h e  development of the 

cloud involves not  only t h e  average f i e l d s  whose magnitude u s u a l l y  is s m a l l ,  

bu t  a l s o  t h e  f i e l d s  which d i f f e r  sharp ly  from t h e  average, which are u s u a l l y  

encountered more f requent ly ,  t h e  l a r g e r  are t h e  average f i e l d s ?  L e t  us recall 

t h a t  o u t  of 10 t o  1 0  cloud d r o p l e t s ,  only one becomes r a i n .  How does t h i s  

happen? One a l t e r n a t i v e  i s  poss ib le :  e i t h e r  t h e  raindrops develop as very 

s m a l l  probable c o l o s s a l  f l u c t u a t i o n s  produced by average condi t ions  t h a t  e x i s t  

i n  t h e  cloud and are generated wi th  equal  p r o b a b i l i t y  a t  any poin t  i n  t h e  cloud 

The f i e l d s  and charges t h a t  develop i n  t h e s e  zones 

It i s  s t r i k i n g  t o  note  t h a t  t h e  more i n t e n s i v e  t h e  

I f  i n  Figure 1 t h e  c o r r e l a t i o n  of t h e  average i n t e n s i t y  
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at a given level,  o r  t h e s e  drops develop 
b 

- 30 

’O 
30 

- 30 

i n  cloud zones whose condi t ions d i f f e r  

g r e a t l y  from average condi t ions  - i n  

unusual n u r s e r i e s  of ra indrops , mani- 

f e s t e d  as a p a r t i c u l a r  small f l u c t u a t i o n  

aga ins t  a background t h a t  considerably 

exceeds t h e  average. I f  t h e  second 

system is  v a l i d ,  then rap id  development 

of convective clouds and t h e  r e l a t i o n s h i p  
I 

of t h e  cloud p r e c i p i t a t i o n  i n t e n s i t y  t o  
f04 \ 

I . 

Figure 2.6. I n t e n s i t y  of c o l l i s i o n s  
P = E (U - U ) i n  cm/sec, equal  

t o  t h e  product of t h e  c o e f f i c i e n t  
of c o l l i s i o n  by t h e  d i f f e r e n c e  i n  
t h e  f a l l  rates of t h e  p a r t i c l e s ,  a s  
a func t ion  of t h e  charge on 
p a r t i c l e s  and t h e  i n t e n s i t y  of t h e  
e l e c t r i c a l  f i e l d ,  according t o  [ 1351. 

1 2  

16 1 - E = 0 ,  Q = Q, = 8 - 1 0  C; 1 
C 

t h e  e lectr ical  c h a r a c t e r i s t i c s  of t h e  

clouds becomes clear. 

As s t r a n g e  as  i t  seems, c u r r e n t  

knowledge of cloud physics  does n o t  

lead  t o  a s o l u t i o n  of t h e  alternative. 

Current knowledge of t h e  processes  i n  

clouds i s  based on average cloud char- 

a c t e r i s t i c s .  It may b e  t h a t  t h e  

d i f f i c u l t i e s  encountered by t h e  theory  

of p r e c i p i t a t i o n  may be l inked  t o  t h i s  

s i t u a t i o n  t o  a l a r g e  e x t e n t ;  on t h e  

b a s i s  of average values ,  t h i s  theory 

must explain t h e  f l u c t u a t i o n s  which 

d i f f e r  many t i m e s  from t h e  average. 

2 - E = 3 . 3 ~ 1 0 ~  V/m, Q, = - Q ,  = But is F t  p o s s i b l e  t o  c a l c u l a t e  t h e  

p r o b a b i l i t y  of t h e  occurrence of a 

genius by i n v e s t i g a t i n g  t h e  mental  

c a p a c i t i e s ,  l e t  us say ,  of a thousand 

people who show up f o r  examination? 

I n  f a c t ,  a l l  of t h e  information that  

w e  have about t h e  c h a r a c t e r i s t i c s  of 

= 8-10-16 c ;  
5 3 - E = 3.3.10 

4 - E = Q  = Q, = 0 .  

V/m, Q, = Q, = 0; 
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the s p e c t r a  of d r o p l e t s  i n  clouds a l l  over t h e  world w a s  obtained from an 

analysis of  1-10 m of cloud air. Therefore ,  there is no p o s s i b i l i t y  of  

expla in ing  t h e  characteristics of a spectrum i n  p a r t i c u l a r  zones of  clouds. 

Even when such a p o s s i b i l i t y  has  occurred, i n v e s t i g a t o r s  have overlooked it. 

The au thors  of [119] s t u d i e d  t h e  d i s t r i b u t i o n  of  w a t e r  content  i n  c louds,  and, 

although t h e  w a t e r  content  spectrum h a s  a d e f i n i t e  tendency t o  cover t h e  region 

of h i g h e r  values ,  t h e  au thor  [119] approximates i t  by a Gaussian d i s t r i b u t i o n .  

3 

A t  t h e  same t i m e ,  however, t h e  increase i n  t h e  p r o b a b i l i t y  of occurrence,  

of p r e c i p i t a t i o n  o r  t h e  appearance of r e l a t i v e l y  l a r g e  p a r t i c l e s  i n  a s m a l l  

volume of cloud has  been t e s t e d  q u i t e  r e l i a b l y .  L e t  us recall  t h a t ,  dur ing 

active inf luences  on t h e  cloud, t h e  reagent i n i t i a l l y  f a l l s  only i n t o  a s m a l l  

p a r t  of t h e  cloud, amounting t o  10 -I5 - of i t s  volume [Sa] .  Therefore ,  

t h e  vers ion  of growth of cloud d r o p l e t s  from which t h e  raindrops later grow 

is very probable i n  zones of t h e  cloud wi th  s p e c i a l  condi t ions.  

Obviously, i t  is  necessary t o  have f u r t h e r  experimental  s t u d i e s  of t h e  /64 
small-scale inhomogeneities of t h e  space charge and t h e  measurements of t h e  

spectrum of dimensions and charges of i n d i v i d u a l  drops i n  such inhomogeneities. 

It is  a l s o  necessary t o  s tudy  t h e  e f f e c t  of s m a l l  zones of p r e f e r r e d  coagula- 

t i o n  on t h e  development of t h e  cloud as a whole, s o  as t o  reach a s o l u t i o n  of 

t h e  problem regarding t h e  p o s s i b l e  inf luence  of e lectr ical  f o r c e s  on t h e  non- 

e l e c t r i c a l  processes i n  clouds.  It  should be pointed out  that a s tudy of t h e  

reasons f o r  the  development of such e l e c t r i c a l  inhomogeneities , even when they 

have nothing t o  do wi th  t h e  development of clouds,  i s  important f o r  an under- 

s tanding  of t h e  processes of cloud e l e c t r i f i c a t i o n .  

A l l  of t h e  general  cons idera t ions  expressed regarding t h e  poss ib le  a c t i o n  

o f  e lectr ical  c h a r a c t e r i s t i c s  are based on information about t h e o r e t i c a l l y  

determined c o l l i s i o n  c o e f f i c i e n t s  of two charged p a r t i c l e s  , f a l l i n g  i n t o  an 

e l e c t r i c a l  f i e l d  and without  i t .  However, such c a l c u l a t i o n s  are performed f o r  

an i d e a l i z e d  case of two s o l i d  spheres .  I n  addi t ion ,  as w e  can see from [ 3 6 ] ,  

t h e  c a l c u l a t i o n s  may be s u b j e c t  t o  e r r o r s  due t o  t h e  c a l c u l a t i o n  i t s e l f .  
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Therefore,  i t  is  extremely i n t e r e s t i n g  t o  check experimental ly  the r e s u l t s  of  

t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  The n a t u r a l  condi t ions must b e  modelled s u f f i -  

c i e n t l y  w e l l .  Thus far,  experiments s tudying t h e  i n t e r a c t i o n  of charged p a r t i -  

cles i n  e lectr ical  f i e l d s  and without  them, modelling n a t u r a l  condi t ions  s u f f i -  

c i e n t l y  w e l l ,  have n o t  been performed. This  i s  a problem f o r  t h e  f u t u r e .  

- E f f e c t  _ _  of electr ical  ._ forces  .on t h e  p - r b a b l e  merging of c o l l i d i n u a r t i c l e s .  

C o l l i s i o n  of p a r t i c l e s  i n  clouds does n o t  n e c e s s a r i l y  l e a d  t o  t h e i r  merging. 

I f  n p a r t i c l e s  ou t  of n p a r t i c l e s  t h a t  c o l l i d e  with a p a r t i c l e - t a r g e t  merge 

wi th  it, t h e  merging e f f e c t i v e n e s s  c o e f f i c i e n t  k2 = n/no, the  coagulat ion 

c o e f f i c i e n t  of p a r t i c l e s  i s  k k k where k i s  a c o e f f i c i e n t  which charac- 

t e r i z e s  t h e  p r o b a b i l i t y  of c o l l i s i o n .  

0 

* 
1 2  1 

Aganin [ 1 7 ]  , on t h e  b a s i s  of experiments of Rayleigh, noted t h a t  n o t  every 

c o l l i s i o n  between d r o p l e t s  o r  a g a i n s t  a f l a t  s u r f a c e  leads  t o  merging. He did  

show, however, t h a t  under t h e  inf luence  of e l e c t r i c a l  forces  t h e  p r o b a b i l i t y  

of merging increases .  Aganin proposed t h a t ,  i n  a s t r o n g  f i e l d  which develops 

when d r o p l e t s  come c l o s e  toge ther ,  a s m a l l  tongue which j o i n s  t h e  drops comes 

out  of one of them and (depending on t h e  r e l a t i v e  rates of f a l l  of t h e  drops,  

t h e  s i z e s  and charges,  as w e l l  as t h e  i n t e n s i t y  of t h e  external f i e l d )  t h e  

neck which is formed e i t h e r  l e a d s  t o  a merger o r  breaks o f f .  Later on, t h i s  

assumption was confirmed by c a l c u l a t i o n s  and experiments ( see  surveys [82, 121, 

123, 1311). It w a s  demonstrated i n  [121, 1231 t h a t  a protuberance develops on 

one of t h e  merging charged p a r t i c l e s  (or  drops merging i n  t h e  f i e l d ) ,  d i r e c t e d  

toward t h e  approaching drop. It i s  mentioned i n  t h e  survey [ 1 2 3 ] t h a t  t h e  /65 
i n s t a b i l i t y  which develops under t h e s e  condi t ions i s  usua l ly  accompanied by 

e j e c t i o n  of a t h i n  stream of w a t e r ,  corresponding t o  t h e  theory of Aganin, 

which i s  d i r e c t e d  along t h e  l i n e s  of t h e  f i e l d  and s t r i k e s  t h e  adjacent  drop. 

I f ,  as w a s  suggested by many au thors  [82, 1 1 7 ,  1251, a t h i n  f i l m  of a i r  prevents  

t h e  merging of t h e  drops,  t h e  stream which is e j e c t e d  i n t o  t h e  f i e l d  may over- 

come t h e  e f f e c t  of t h i s  f i lm.  As a 

* 
T r a n s l a t o r ' s  Note: Missing symbol 

matter of f a c t ,  a s  was shown by Allan and 

- -. ~. . 

i n  o r i g i n a l  text. 
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Mason [91], and la te r  by o t h e r s  [82],  t h e  average dura t ion  of drops t h a t  

c o l l i d e  i n  an i n s u l a t i n g  l i q u i d  decreases  considerably i f  the d r o p l e t s  are 

charged o r  are i n  an e lectr ical  f i e l d .  They have a t t r i b u t e d  this  e f f e c t  t o  a 

th inning  of t h e  f i l m  which d iv ides  t h e  l i q u i d s  through the a c t i o n  of electrical  

forces ;  i t  i s  more l i k e l y  t h a t  t h i s  e f f e c t  can b e  explained by the unifying 

a c t i o n  of the stream e j e c t e d  by t h e  f i e l d .  

Ideas  regarding t h e  i n f l u e n c e  of electrical  f o r c e s  on t h e  e f f e c t i v e n e s s  

of merging w e r e  supported experimental ly  by many authors .  

dyke [161] observed t h a t  t h e  e f f e c t i v e n e s s  of  merging of c o l l i d i n g ,  noncharged 

p a r t i c l e s  w i t h  a rad ius  of 30 - 35 microns w a s  equal  t o  zero  i n  t h e  absence of 

an e x t e r n a l  f i e l d  and gradual ly  increased  with an i n c r e a s e  i n  t h e  i n t e n s i t y  of 

an appl ied  v e r t i c a l  f i e l d ,  beginning with lo5  t o  3 x 10 

showed t h a t  t h e  merging e f f e c t i v e n e s s  of equal ly  charged d r o p l e t s  of s i m i l a r  
s i z e s  ( rad ius  less than  40 microns) increased l i n e a r l y  wi th  an i n c r e a s e  i n  t h e  

charge above t h e  t h r e s h o l d  value of 1.5 x C. I f  the drops were charged 

with t h e  same s i g n ,  they would not  merge. Goyer e t  al. [108], i n v e s t i g a t i n g  

c o l l i s i o n s  of d r o p l e t s  wi th  r a d i i  of 100 and 600 microns i n  an e lectr ical  f i e l d ,  

found t h a t  t h e  merger c o e f f i c i e n t  changed from 0.3 t o  0.9 with a change i n  t h e  

i n t e n s i t y  of t h e  external f i e l d  from 0 t o  3000 V/m. 

which w e r e  obtained by t h e s e  au thors ,  l i k e  those  of a number of o t h e r s ,  w e r e  

obtained under condi t ions  t h a t  could not  b e  compared and w e r e  q u a l i t a t i v e l y  

inaccura te  when appl ied  t o  condi t ions  t h a t  e x i s t  i n  clouds.  

t ive  p i c t u r e  i n d i c a t e s  t h a t  i n  zones of cloud e l e c t r i c a l  inhomogeneities t h e r e  

must b e  a considerable  i n c r e a s e  i n  t h e  merger of c o l l i d i n g  drople t s ,and  t h e  

coagulation c o e f f i c i e n t  w i l l  increase .  

Te l ford  and Thom- 

5 V/m. Woods [171] 

Unfortunately,  t h e  r e s u l t s  

But t h e  q u a l i t a -  

I n  s t r o n g  electrical  f i e l d s ,  t h e r e  i s  an i n c r e a s e  i n  t h e  e f f e c t i v e n e s s  of 

s o l i d  p a r t i c l e  combinations as w e l l .  According t o  t h e  d a t a  of Latham and 

Saunders [123, 1471, t h e  coagulat ion c o e f f i c i e n t  of ice  c r y s t a l s  with an ice 

sphere increased r a p i d l y  wi th  an i n c r e a s e  i n  t h e  i n t e n s i t y  of t h e  electrical  
4 f i e l d  above t h e  threshold  va lue  of 5 x 10 V/m. According t o  t h e  d a t a  i n  [123], 
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an i n c r e a s e  

i n  t h e  m a s s  

10 t o  100%. 

temperature 

5 i n  t h e  f i e l d  i n t e n s i t y  from lo5  t o  3 x 10 

of t h e  ice sphere  c o l l i d i n g  wi th  the ice c r y s t a l s ,  changing from 

It should be noted that the capture  of crystals took p lace  i n  a 

V/m l e d  t o  an i n c r e a s e  

range up t o  -50" C, whi le  i n  t h e  absence of a f i e l d  a t  temperatures 

below -25' C capture  of crystals became n e g l i g i b l y  small. L e t  us recall  t h a t  

i n  a l l  forms of  supercooled clouds which produce p r e c i p i t a t i o n  i t  is  p o s s i b l e  

t o  encounter a f i e l d  i n t e n s i t y  which exceeds 5 x l o4  and even 10 

/66 

5 V/m. 

Influence of elect-rical f o r c e s  qn. f reez ing  of supercooled d r o p l e t s .  

many works, i t  has been shown t h a t  t h e  p r o b a b i l i t y  of d r o p l e t  f reez ing  depends 

on t h e  magnitude of t h e  e l e c t r i c a l  f i e l d .  Pruppacher [139] suggested t h a t  t h e  

i n c r e a s e  i n  t h e  c r y s t a l l i z a t i o n  p r o b a b i l i t y  i s  connected wi th  t h e  pene t ra t ion  

of c r y s t a l l i z a t i o n  n u c l e i  i n t o  w a t e r .  These n u c l e i  e i t h e r  develop during d is -  

charge i n  an e l e c t r i c a l  f i e l d  o r  e x i s t  i n  t h e  a i r  surrounding a d r o p l e t  and 

are t r a n s f e r r e d  t o  i t  by e l e c t r i c a l  forces .  I n  c o n t r a s t  t o  t h i s  i d e a ,  Loeb 

[123] suggested t h a t  t h e  f r e e z i n g  begins  i f  t h e  e l e c t r i c a l  f o r c e s  are g r e a t  

enough t o  break down t h e  s u r f a c e  of t h e  d r o p l e t  and t o  draw from i t  f i laments  

of w a t e r  about c m  th ick .  Water formations of such s i z e ,  most l i k e l y  

o r i e n t e d  along t h e  pole ,  are l i q u i d  c r y s t a l s  which can a c t  as c r y s t a l l i z a t i o n  

nuc le i .  Recent i n v e s t i g a t i o n s  [123] have shown t h a t  t h e  viewpoint of Loeb i s  

j u s t i f i e d .  Gabarashvi l i  and Karts ivadze [ 1061 noted that t h e  c r y s t a l l i z a t i o n  

process  takes  p l a c e  i n  d i f f e r e n t  ways i n  p o s i t i v e l y  and negat ive ly  charged 

drople t s .  A s i g n i f i c a n t  i n c r e a s e  i n  t h e  c r y s t a l l i z a t i o n  p r o b a b i l i t y  i s  pro- 

duced wi th  a f i e l d  i n t e n s i t y  a t  t h e  s u r f a c e  of t h e  drop approximately equal  t o  

10 V/m. This  f i e l d  i n t e n s i t y  may a l s o  develop with l a r g e  charges of t h e  

d r o p l e t s  when t h e  d r o p l e t s  converge i n  e x t e r n a l  f i e l d s ,  o r  when d r o p l e t s  which 

have r e l a t i v e l y  s m a l l  charges converge i n  zones of cloud inhomogeneities - o r  

merely i n  t h e i r  e x t e r n a l  f i e l d .  A drop i n  t h e  c r y s t a l l i z a t i o n  temperature i n  

t h e  e l e c t r i c a l  f i e l d  i s  most e f f e c t i v e  a t  t h e  lowest temperatures.  

I n  

6 

Hence, i n  the supercooled zone of clouds and i n  zones of e lectr ical  inhomo- 

g e n e i t i e s  , e l e c t r i c a l  forces  can considerably a c c e l e r a t e  t h e  c r y s t a l l i z a t i o n  

process ,  which w i l l  n e c e s s a r i l y  l e a d  t o  an i n c r e a s e  i n  the condensation 
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processes  of d r o p l e t  growth, i n c r e a s i n g  coagulat ion i n  turn .  T h i s  process  

may be accompanied by a growth of t h e  e lectr ical  f i e l d  i n  t h e  cloud, which 

w i l l  cont r ibu te  t o  i n t e n s i f i c a t i o n  of t h e  process ,  as long as t h e  growth of 

t h e  f i e l d  i s  not  l i m i t e d  by t h e  f a c t o r s  discussed above. 

Unfortunately,  w e  s t i l l  do n o t  have a s a t i s f a c t o r y  theory o r  information 

about t h e  s ta te  of  clouds which would make i t  p o s s i b l e  t o  c a l c u l a t e  both 

t h e  cons tan ts  which c h a r a c t e r i z e  t h e  k i n e t i c s  of t h e  growth of i n d i v i d u a l  

p a r t i c l e s  ( s e v e r a l  estimates of t h i s  kind have been set f o r t h  i n  t h e  following 

s e c t i o n )  as w e l l  as t h e  development of t h e  e n t i r e  cloud. 

It i s  clear from t h e  above, however, t h a t  such c a l c u l a t i o n s  must be 

based p a r t i c u l a r l y  on information regarding e l e c t r i c i t y  i n  clouds,  involving 

both t h e  average c h a r a c t e r i s t i c s  and t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of inhomo- 

genei ty  zones. 
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CHAPTER I11 

POSSIBILITY OF CONTROLLING THE DEVELOPMENT O F  CLOUDS 

BY ELECTRICAL METHODS 

As w e  pointed out  i n  t h e  preceding chapter ,  i d e a s  regarding t h e  e f f e c t  - I 6 7  

of e lectr ical  f o r c e s  on t h e  development of clouds were expressed a long t i m e  

ago, and i t  i s  no s u r p r i s e  t h a t  i n  t h e  f i r s t  q u a r t e r  of t h e  twent ie th  century 

experiments w e r e  conducted both i n  t h e  USSR and t h e  USA [ 2 4 ,  251 concerning 

t h e  inf luence  on clouds of seeding wi th  e l e c t r i f i e d  sand. However, t h e  experi-  

ments d i d  not  y i e l d  any p o s i t i v e  r e s u l t s ,  and w e r e  t h e r e f o r e  suspended. 

I n  recent  years ,  i n  conjunction wi th  general  expansion of s t u d i e s  on 

inf luenc ing  clouds,  t h e r e  has  been a s l i g h t  i n c r e a s e  i n  i n t e r e s t  i n  using 

e l e c t r i c a l  forces  t o  inf luence  clouds and fogs.  There are even r e p o r t s  on 

at tempts  t o  c o n t r o l  t h e  processes  of cloud e l e c t r i f i c a t i o n ,  inc luding  processes  

t h a t  l ead  t o  thunderstorms [12].  However, no d e f i n i t e  r e s u l t s  t h a t  could b e  

used t o  formulate any kind of p r a c t i c a l  recommendations w e r e  obtained [go] .  

Therefore ,  w e  w i l l  l i m i t  ourselves  t o  present ing  phys ica l  i d e a s  which may be 

used as t h e  b a s i s  of mechanisms f o r  a c t i n g  on t h e  e lectr ical  processes  i n  clouds 

o r  changes i n  t h e  development of clouds,  using e lectr ical  methods, and w e  w i l l  

a l s o  d iscuss  b r i e f l y  t h e  p o s s i b i l i t y  of t h e i r  r e a l i z a t i o n .  W e  must keep i n  

mind t h a t ,  toge ther  wi th  t h e  p o s s i b i l i t y  of using t h e  methods which w i l l  be  

discussed below i n  p r a c t i c e ,  w e  can s i g n i f i c a n t l y  c l a r i f y  t h e  mechanism of 

cloud development. 
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91. Inf luence  of E l e c t r i c a l  Methods on N o n e l e c t r i c a l  

Cloud Character is t i -cs  

I n  Chapter 11, w e  s a w  how e l e c t r i c a l  f o r c e s  could a f f e c t  t h e  p a t t e r n  of 

n a t u r a l  cloud development. It i s  obvious t h a t  w e  should t r y  t o  f i n d  out  how 

and i n  what fashion w e  could s u c c e s s f u l l y  i n f l u e n c e  t h e  development of clouds 

by changing t h e i r  e l e c t r i c a l  s ta te ,  w i t h i n  t h e  l i m i t s  of modern t e c h n i c a l  pos- 

s i b i l i t i e s .  The process  of cloud o r  fog  development may b e  divided roughly 

i n t o  two s tages .  I n  t h e  f i r s t  s t a g e ,  t h e r e  i s  formation of cloud p a r t i c l e s  

w i t h  condensation o r  subl imat ion of water vapor,  and t h e r e  i s  evaporat ion of 

t h e  p a r t i c l e s  t h a t  a r e  formed, which impedes t h e  former. I n  t h e  second s t a g e ,  

t h e  cloud p a r t i c l e s  grow and change i n t o  p r e c i p i t a t i o n  p a r t i c l e s ,  e i t h e r  as t h e  

r e s u l t  of d i r e c t  coagulat ion o r  due t o  t h e i r  i n t e n s i v e  growth wi th  p a r t i a l  

c r y s t a l l i z a t i o n ,  which i s  accompanied by vigorous d i s t i l l a t i o n  of t h e  vapor,  

w i t h  l i q u i d  p a r t i c l e s  being changed t o  s o l i d  ones and w i t h  subsequent coagu- 

l a t i o n .  

evaporat ion of cloud p a r t i c l e s  o r  t h e i r  f a l l  from t h e  cloud. 
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The i n c r e a s e  i n  t h e  s i z e  and number of p a r t i c l e s  i s  counteracted by t h e  

I t  is  obvious t h a t ,  by f o r c i n g  t h e  f i r s t  elements of t h e  processes ,  i t  

w i l l  be  poss ib le  t o  succeed  wi th  what is c a l l e d  cloud development and by 

s t imula t ing  t h e  second elements of t h e  process ,  t h e  breakdown of t h e  cloud. 

U s e  of electrical  methods t o  inf luence  condensati0.n processes .  Since t h e  

t i m e  of Thompson ( f o r  example, [ 8 ] ) ,  i t  has been known t h a t  t h e  ex is tence  of 

an e lectr ical  charge q on a p a r t i c l e  with a r a d i u s  r reduces t h e  vapor pressure  

above it. This reduct ion i s  propor t iona l  i n  t h e  first approximation t o  

q2/r4. The magnitude of t h i s  reduct ion f o r  p a r t i c l e s  measuring more than  

c m  microns) is  s o  s m a l l  t h a t  it can b e  used f o r  s t i m u l a t i n g  conden- 

s a t i o n  processes  only by a c t i v a t i o n  of condensation n u c l e i  which a l ready  exis t .  

On t h e  o t h e r  hand, t h e  number of n u c l e i  s u f f i c i e n t  f o r  cloud formation usua l ly  

exists i n  t h e  atmosphere ( s e e ,  f o r  example, [ 6 ] ) .  Hence, t h i s  method may f i n d  

very l i m i t e d  use i n  zones where t h e r e  are aerosols  b u t  t h e r e  are i n s u f f i c i e n t  

condensation nuc le i .  

Inf luence  of e lectr ical  methods on t h e  c r y s t a l l i z a t i o n  processes  i n  
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clouds. 
f i e l d  on t h e  s u r f a c e  of a p a r t i c l e  i n c r e a s e s  t h e  p r o b a b i l i t y  of c r y s t a l l i z a t i o n  

due t o  t h e  e l e v a t i o n  of t h e  f r e e z i n g  poin t  [139, 106, 1291. The values  of 

t h e  required f i e l d  i n t e n s i t y  i n  t h i s  case are i n  excess of 10 V/m. Hence, 

t h e r e  is a t h e o r e t i c a l  p o s s i b i l i t y  of  in f luenc ing  the development of 

supercooled clouds. 

It was  mentioned i n  Chapter I1 t h a t  t h e  development of an e l e c t r i c a l  

6 

There are two ways of p u t t i n g  t h e s e  methods i n t o  p r a c t i c e .  F i r s t  of a l l ,  

a s t r o n g  electrical  f i e l d  can b e  c rea ted  i n  a l a r g e  p o r t i o n  of t h e  cloud. It 

is necessary t o  keep i n  mind, however, t h a t  t h e  p r o b a b i l i t y  of f r e e z i n g  depends 

n o t  only on t h e  s i z e  of t h e  active f i e l d ,  but  a l s o  on t h e  t i m e  of i ts applica- 

t i o n .  Hence, i t  is  impossible  f o r  an a i r c r a f t  o r  a rocket  t o  pass through t h e  

cloud, causing a s t r o n g  e lectr ical  f i e l d ,  and thereby t o  inf luence  a r e l a t i v e l y  

l a r g e  volume of t h e  cloud. This  vers ion  of t h e  method is  t h e r e f o r e  t e c h n i c a l l y  

d i f f i c u l t  t o  accomplish. However, i n  those cases  when s t r o n g  e l e c t r i c a l  f i e l d s  

are formed as t h e  r e s u l t  of some i n f l u e n c e  on a supercooled p o r t i o n  of t h e  

cloud, t h e i r  i n f l u e n c e  on t h e  c r y s t a l l i z a t i o n  of t h e  p a r t i c l e s  may be included 

i n  t h e  i n t e g r a l  e f f e c t  of t h e  ac t ion .  

/69 

A second way of i n f l u e n c i n g  t h e  cloud is  s t r o n g  charging of t h e  p a r t i c l e s  

of supercooled clouds. This  type of charging can b e  accomplished i n  s e v e r a l  

ways. For example, a body which creates a corona discharge can be passed through 

t h e  cloud o r  t h e  cloud can be charged wi th  an i o n  f l u x  running from t h e  s u r f a c e  

of t h e  Earth [ 9 6 ] .  The drops may a l s o  be charged wi th  a n o n e l e c t r i c a l  in f luence  

on t h e  clouds,  and thus  make a c o n t r i b u t i o n  t o  che t o t a l  e f f e c t  of  t h e  

t reatment .  

It is  necessary,  however, t o  keep i n  mind t h a t  i n  those  cases  when t h e  

a c t i o n  l e a d s  t o  a rough r e g u l a t i o n  of t h e  s i z e  of t h e  cloud p a r t i c l e s  i n  t h e  

supercooled cloud o r  fog, t h e r e  are powerful r i v a l s  t o  t h i s  method. Known 

methods of in f luenc ing  supercooled clouds by i n j e c t i n g  dry ice or substances 

t h a t  are isomorphic t o  i ce  are q u i t e  simple and e f f e c t i v e ,  so t h a t  i n  t h e  near  

f u t u r e  the electrical methods w i l l  no longer  b e  a source of competit ion f o r  
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them. This  is p a r t i c u l a r l y  v a l i d ,  s i n c e  i n  t h e  temperature  range from 0 t o  

-5" C (where the e x i s t i n g  methods are unsui ted)  even t h e  electrical method 

must b e  r a t e d  very i n e f f e c t i v e .  

Inf luence of ele-ctrical methods on the coagula t ion  of particles i n  clouds. 

It i s  t e c h n i c a l l y  d i f f i c u l t  t o  change t h e  s t r u c t u r e  of  a warm cloud, by a l t e r i n g  

i n  i t s  l a r g e  volumes t h e  condi t ions f o r  c o l l i s i o n  and coagulat ion of drops,  

and producing i n  i t  a long-acting, powerful e lectr ical  f i e l d  w i t h  an i n t e n s i t y  

of approximately l o 4  - 10 

use of t h e  f a c t  t h a t  a zone of powerful electrical  f i e l d s  can b e  c rea ted  on 

t h e  path of an advect ive fog, and i n  a r a d i a t i o n a l  fog  i t  is  p o s s i b l e  t o  s h i f t  

t h e  source of t h e  f i e l d  r e l a t i v e l y  slowly. The a c t i o n  of t h e  electrical  f i e l d  

on t h e  coagulat ion processes  may a l s o  b e  a byproduct of n o n e l e c t r i c a l  methods. 

5 V/m. Such at tempts  have been made i n  fogs,  making 

The inf luence  of electrical  c h a r a c t e r i s t i c s  of  p a r t i c l e s  on t h e  coagula- 

t i o n  condi t ions may be used n o t  only f o r  d i s p e r s i n g ,  b u t  a l s o  f o r  s t a b i l i z a t i o n  

of  fogs. If t h e  d r o p l e t s  of fog  are charged i n  t h e  same fashion,  then,  as w e  

no t iced  earlier,  t h e  p r o b a b i l i t y  of t h e i r  coagulat ion is  reduced. It i s  neces- 

s a r y  t o  note ,  however, that t h e  electrical f i e l d  t h a t  develops throughout t h e  

cloud may again lead  t o  an  i n c r e a s e  i n  t h e  p r o b a b i l i t y  of coagulat ion of t h e  

d r o p l e t s  as t h e  la t ter  grows. 

St imulat ion of r a i n  may be achieved wi th  g r e a t e r  e f f e c t i v e n e s s  through 

increas ing  coagulat ion by in t roducing  p a r t i c l e s  of charged water o r  o t h e r  

reagents  i n t o  t h e  upper p a r t  of t h e  cloud. L e t  us look i n  g r e a t e r  d e t a i l  a t  

t h e  condi t ions f o r  t h i s  method. 

- / 70 

Engagement of  p a r t i c l e s  i n  a cloud may be achieved by s t i m u l a t i n g  

g r a v i t a t i o n a l  coagulat ion through t h e  t r a n s p o r t  of p a r t i c l e s  of noncharged 

atomized water i n t o  t h e  upper p a r t  of t h e  cloud. However, t h e  i n i t i a l  rad ius  

R of t h e  reagent p a r t i c l e s  must be g r e a t ,  on t h e  o r d e r  of 30 microns, because 

only with reagent p a r t i c l e s  a r e  this s i z e  can the capture  c o e f f i c i e n t  E of 

cloud p a r t i c l e s  ( rad ius  6-10 microns) have a t a n g i b l e  va lue  (Table 3.1) 

[661 
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x 
1 

Due t o  the l a r g e  va lue  of R 0' 
t h e  consumption of reagent is  very TABLE 3.1. VAZUES OF COEFFICIENT OF 

0,019 0.2 
0.3 
0,4 
0.6 

COLLISION FOR DROPS WITH RADIUS R AND r 

WITH y = 1 . 7 - ~ 1 - ~  POISE, p = 1 g/cm , 
high. Reducing the initial size of 3 

-7 t h e  reagent  p a r t i c l e s  and making i t  

- - i n  t h e  capture  c o e f f i c i e n t  E f o r  t h e  
0.03 - 
0.28 
0.65 

< 10-4 capture  of cloud p a r t i c l e s  by t h e  - 10-4 

g = 980 cm/secL 
- 

p o s s i b l e  f o r  them t o  i n c r e a s e  i n  s i z e  

t o  R more r a p i d l y  is a l s o  t h e  pur- 

pose of using electrical  forces  i n  

methods of t h i s  kind. The l a t t e r  

may b e  achieved by a sharp i n c r e a s e  

0 
.- -- 

R U  

20 
l lR I p.  I = I 

I I I 

i t  a high e l e c t r i c a l  charge. 

A p a r t i c l e  t h a t  c a r r i e s  a charge w i l l  gradual ly  l o s e  i t ,  due t o  t h e  e lec-  

t r i ca l  conduct ivi ty  of t h e  air .  

p a r t i c l e  w i l l  reach a rad ius  R 0 
n i f i c a n t  f r a c t i o n  of t h e  charge i s  l o s t .  This  l i m i t a t i o n  on t h e  t i m e  of 

reagent p a r t i c l e  growth i s  an important c h a r a c t e r i s t i c  of  t h e  method using 

e lectr ical  charges. 

Therefore ,  t h e  t i m e  during which a reagent 

is  much s h o r t e r  than  t h e  t i m e  i n  which a s i g -  

Table 3.2 p r e s e n t s  t h e  va lues  of t h e  t i m e  T during which a charge on a 

p a r t i c l e  w i l l  be reduced by approximately a f a c t o r  of 3 i f  t h e  p a r t i c l e  is i n  

a cloudless  atmosphere. 

TABLE 3.2. TIME (T) REQUIRED FOR CHARGE ON PARTICLES 

TO DECREASE APPROXIMATELY BY A FACTOR O F  3 I F  THE PARTICLE 

I S  I N  A CLOUDLESS ATJ9DSPHERE. 
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In clouds, t h e  electrical  conduct ivi ty  of t h e  a i r  i s  several t i m e s  less /71 
than  i n  t h e  atmosphere a t  t h e  same level, s o  that the l o s s  t i m e  f o r  t h e  charge 

is  correspondingly g r e a t e r .  

at  an a l t i t u d e  of 3 - 5 ki lometers  i n  clouds. 

Thus, f o r  example, T may b e  about 1000 seconds 

Hence, i n  about 1000 seconds, a p a r t i c l e  introduced i n t o  a cloud w i l l  

i n c r e a s e  t o  such a s i z e  a t  which t h e  mechanism of g r a v i t a t i o n a l  coagulat ion w i l l  

begin t o  act e f f e c t i v e l y .  

L e t  us see how t h i s  requirement is satisfied.  

The growth of reagent  p a r t i c l e  may be c a l c u l a t e d  by genera l  methods, The 

l a t t e r  are presented i n  monographs by B. Mason [5] and N. S. Shishkin [ll], 

s u b s t i t u t i n g  E equal  f (R, r ,  Q ,  q ) ,  where R and r are t h e  r a d i i  o f  t h e  par- 

t i c l e s  of t h e  reagent  and t h e  cloud, and Q and q are t h e i r  charges.  When t h e  

reagent  p a r t i c l e  i s  dropped i n t o  a drop-like cloud i n  

i n g  c u r r e n t s  and where w e  can d is regard  t h e  a c t i o n  of 

i n  quest ion,  t h e  t i m e  f o r  a p a r t i c l e  t o  i n c r e a s e  from 

R i s  determined by t h e  expression 
-0- 

dR 

S Ef (r) r3 ( VR - w r )  dr 

t = 3  f m 9 

RI 
0 

which t h e r e  are no ascend- 

turbulence on t h e  process i n  

t h e  i n i t i a l  r a d i u s  R t o  1 

where f ( r )  - is a func t ion  of t h e  d i s t r i b u t i o n  of cloud p a r t i c l e s  by s i z e  and 

V and vr - are t h e  rates of f a l l  o f  t h e  reagent  and cloud p a r t i c l e s .  r 

A s o l u t i o n  of t h i s  type encounters considerable  d i f f i c u l t i e s .  F i r s t  of 

a l l ,  we  do not  know funct ion  E i n  t h e  a n a l y t i c a l  form. The numerical calcula-  

t i o n s  of E have been performed by several authors  [59, 6 0 ,  6 4 ,  6 6 ,  98, 148, 
etc.] f o r  s p e c i a l  cases, and apparent ly  t h e r e  is  a need f o r  an experimental  

v e r i f i c a t i o n  of t h e  r e s u l t s  of t h e  ca lcu la t ions .  However, even i f  i t  w e r e  
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poss ib l e  t o  c a l c u l a t e  t i n  some fash ion ,  t h e  assumption made regarding t h e  

absence of turbulence and ascending cu r ren t s  f o r  c a l c u l a t i n g  t h e  i n t e r a c t i o n  

of t h e  p a r t i c l e s  which have s m a l l  rates of fa l l  (1-10 cm per  sec) would 

make the  r e s u l t s  of t h e  c a l c u l a t i o n  a very rough approximation t o  r e a l i t y .  

f a c t ,  rough estimates of t h i s  k ind  are va luable  only f o r  es t imat ing  t h e  pros- 

p e c t s  f o r  cont inuing work i n  a given d i r ec t ion .  

In  

Calcu la t ion  of t is considerably s impl i f i ed  i f  we  assume t h a t  t h e  cloud 

i n t o  which t h e  reagent  p a r t i c l e  is thrown i s  monodispersed, and t h e  r a t e  

of 

i s  

I n  

f a l l  of t h e  p a r t i c l e s  is ca lcu la t ed  according t o  Stokes: 

t he  c o e f f i c i e n t  of p ropor t iona l i t y ,  and r is  the  rad ius  of t h e  p a r t i c l e .  

t h i s  case 

V = k2, where k 

(3 .3)  /72 

I n  these  express ions ,  p i s  t h e  dens i ty  of t h e  w a t e r  i n  t h e  cloud, W is  

the  w a t e r  content  of t he  cloud, Ci is the  average value of t h e  capture  coef f i -  

c i e n t  f o r  t he  capture  of cloud p a r t i c l e s  by the  reagent p a r t i c l e s  which vary 

i n  s i z e  from R t o  Ri+l. i 

After  tak ing  the  i n t e g r a l ,  we ob ta in  a formula for c a l c u l a t i o n  of A t  * 

i' 

( 3 . 4 )  

L e t  us estimate t h e  growth time f o r  a reagent p a r t i c l e  ( inc rease  i n  

rad ius  from 10 t o  30 microns),  i f  a reagent is  dropped i n t o  a monodispersed 

cloud wi th  a p a r t i c l e  rad ius  of 7 microns. 

under the  condi t ion t h a t  t he  reagent  p a r t i c l e  is charged at  the  i n i t i a l  moment 

I n  the  range of R = 10 t o  20 microns, 
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of t i m e  (R = 10 microns) t o  a c e r t a i n  l i m i t i n g  charge (i.e., t h e  charge at  

which breakdown of t h e  a i r  on t h e  su r face  of t h e  drop begins)  t h e  value of 

t h e  capture  c o e f f i c i e n t  changes from several t e n t h s  c f  a u n i t  t o  u n i t s ,  and 

i n  t h e  range R 20 t o  30 microns - from several u n i t s  t o  t e n t h s  of a u n i t  

[59, 6 6 ,  60, 98, 1481. I n  accordance wi th  t h i s ,  t h e  c a l c u l a t i o n  of t is  per- 

formed f o r  El = 50, 25, 5 and E2 = 5, 2.5, 0.5. 

are presented i n  Table 3.3, where the  va lues  of t a r e  rounded o f f  t o  

hundreds of seconds. 

The results of t h e  ca l cu la t ion  

TABLE 3.3. GROWTH TIME FOR REAGENT P A R T I C L E  F A L L I N G  FREELY 

I N  A CLOUD TO I N C R E A S E  FROM R1 = 10 MICRONS TO R2 = 

= 20 MLCRONS AND FROM R2 = 20 MICRONS T O  R3 = 30 MICRONS 

AS A FUNCTION O F  E AND W. 

R - 10-20 p J R-20-30 p 
W 

- 
50 200 5 400 
2s 300 2 .s 800 
5 1500 0.5 4Ooo 

50 100 5 200 
25 200 2.5 500 
5 900 0,5 2400 

1 50 50 5 100 
25 100 2 3  200 
5 500 0.5 1200 

2 50 20 5 Eo 
25 50 2.5 1 co 
5 200 0,5 600 

0,3 

0.5 

600 
1100 
5500 
300 
700 
3300 

100 
200 
800 

sec 

The value of t h e  capture  c o e f f i c i e n t  E i s  l a r g e l y  dependent on t h e  charge /73 
on the  reagent p a r t i c l e s  and the  r a t i o  of t he  s i z e s  of cloud and reagent par- 

t i c l e s .  

reduct ion of E (Table 3.4) and a sharp inc rease  i n  A t ,  which n u l l i f i e s  t he  

e f f ec t iveness  of the  ac t ion .  This i s  why t h e  use  of e l e c t r i c a l  fo rces  i n  warm 

clouds encounters considerable  t echn ica l  d i f f i c u l t i e s .  However, t h e  calcula-  

t i o n  r e s u l t s  i n d i c a t e  t h a t  it is advantageous t o  look f o r  p r a c t i c a l  so lu t ions  

Re la t ive ly  small changes i n  t h i s  parameter may l e a d  t o  a considerable  
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3 f o r  using these  methods on w a r m  clouds,  having a w a t e r  content  of about 1 g/m 

o r  more. 

TABLE 3.4. CAPTURE COEFFICIENT E AS A FUNCTION 

OF 5; 'r; Q; q = 0 [58a];  R1 = 10 MICRONS. 

- -_ ... ._ . __ 
r -2 811 
r : :  6?J 7,235 53,17 

L e t  us determine t h e  amount of reagent  required f o r  e f f e c t i v e  e l u t i o n  of 

a cloud. With t h e  same determination of t h e  capture  c o e f f i c i e n t ,  t h e  condi t ion 

f o r  t o t a l  e l u t i o n  of a cloud may be w r i t t e n  as  follows: 

2 where n - is  t h e  number of reagent p a r t i c l e s  i n  1 c m  ; R - is t h e  p a r t i c l e  

radius .  

L e t  us assume t h a t  t h e r e  is a s t r a t i f o r m  w a r m  cloud wi th  a th ickness  
3 Z = 2 km,  having a w a t e r  content  of 1 g/m . 

when reagent p a r t i c l e s  wi th  a rad ius  30-100 microns i n t e r a c t  with p a r t i c l e s  

having a rad ius  of 6 t o  8 microns (Table A . 3  i n  [5] ) .  The growth of t h e  reagent 

p a r t i c l e  rad ius  i s  evaluated according t o  t h e  formula 

The t e n t a t i v e  value of E is 0.5 

Assuming t h a t  t h e  growth of t h e  reagent  p a r t i c l e s  from 10 t o  30 microns 

takes  p l a c e  wi th in  a s m a l l  area of t h e  cloud h e i g h t ,  w e  w i l l  f i n d  t h a t  AR 

equals  200 microns, a f t e r  s u b s t i t u t i n g  t h e  assumed values  of 2, E, W, P i n  

Formula (3.6) . 
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L e t  us d iscuss  t h e  problem of achieving complete e l u t i o n  of t h e  cloud 

4 -2 
from an a l t i t u d e  of Z'  = 1.5 km. A t  t h i s  l a t i t u d e ,  R = 60 microns, and i f  

E = 0.5, n = 2.6 x 10 cm . 
1 gr/m . 
and t h e  width of t h e  Erontal  e f f e c t  i s  50 m y  then i n  1 second i t  w i l l  be  

poss ib l e  t o  seed an area approximately equal  t o  4000 m . Hence, when t r e a t i n g  

a cloud wi th  t h i s  w a t e r  conten t  and s t r u c t u r e  f o r  1 second, it is necessary t o  

discharge 4 kg of reagent  broken down i n t o  d r o p l e t s  wi th  a r ad ius  of 10 microns, 

charged t o  t h e i r  l i m i t .  

l i m i t i n g  charge is about 3 x 
t i c l e s  must be about t h e  cur ren t  which charges t h e  p a r t i c l e s  m u s t  be 

about 3 x A. It i s  obvious t h a t ,  i n  conjunction wi th  t h e  considerable  

reagent  consumption, t h e  method under cons idera t ion  may only be used i n  s p e c i a l  

s i t u a t i o n s  when the re  is a severe  need t o  remove a cloud cover above c e r t a i n  

areas. I n  add i t ion ,  t h e r e  are a l s o  o the r  d i f f i c u l t i e s  ( see  below). It should 

be  kept  i n  mind t h a t  the  cloud is  a process which f r equen t ly  i s  uns tab le ,  and 

whose d i r e c t i o n  may o f t e n  be changed by r e l a t i v e l y  s i m p l e  methods. 

of p r e c i p i t a t i o n ,  f o r  example, changes the  a i r f lows  i n  the  v i c i n i t y  of t he  

cloud t o  some degree,  t he  condi t ions f o r  t r anspor t  of moisture ,  e t c .  Therefore ,  

s t imu la t ion  of p r e c i p i t a t i o n  may cause f u r t h e r  i n t e n s i f i c a t i o n .  

these  consequences, however, exceeds Che framework of the cons idera t ions  presented 

above. 

i n  t h e  e l e c t r i c a l  f i e l d s ,  bo th  average and extreme, and the  charges on the  

p a r t i c l e s  t h a t  develop i n  the  clouds following the  beginning of p r e c i p i t a t i o n  

as w e l l  as the  in f luence  of e l e c t r i c a l  c h a r a c t e r i s t i c s  on t h e  enlargement of 

p a r t i c l e s .  

The reagent consumption a t  p = 1 g/cm3 i s  about 

/74 2 I f  t h i s  is done from an a i r c r a f t  moving a t  a rate of 300 km/hour, 

2 

For d r o p l e t s  with a r ad ius  of 10 microns, t he  

C. Since t h e  t o t a l  number of charged par- 

The f a l l  

An eva lua t ionof  

I n  descr ib ing  the  r e s u l t s ,  i t  i s  necessary t o  keep i n  mind the  inc rease  

The t reatment  of a warm cumulus cloud lends i t s e l f  t o  c .a lcu la t ion  t o  a 

Convective clouds represent  such an uns tab le  c o l l o i d a l  still  lesser degree. 

system t h a t  only a s l i g h t  i n t e rven t ion  i s  usua l ly  requi red  during t h e i r  n a t u r a l  

development i n  order  t o  produce p r e c i p i t a t i o n .  Obviously, t h e  use of electri- 

c a l l y  charged w a t e r  spray o r  e l e c t r i c a l l y  charged , g ian t  hygroscopic conden- 

s a t i o n  n u c l e i  i s  more e f f e c t i v e  than the  use of uncharged reagents .  
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Everything w e  have s a i d  above concerning t h e  t reatment  of  warm clouds 

t h e o r e t i c a l l y  a p p l i e s  t o  t r e a t i n g  w a r m  fogs.  However, due t o  the reduced 

thickness  of  fogs,  t h e  reagent  consumption f o r  seeding them must b e  g r e a t e r .  

An unusual i d e a  about reducing t h e  consumption of reagent  and increas ing  i t s  

e f f e c t i v e n e s s  w a s  proposed by A. D. Solov'yev [761. H e  recommends t h a t  electri- 

f i e d  bubbles be used as a reagent ,  similar t o  ordinary soap bubbles. The use 

of these bubbles,  s i m i l a r  t o  ord inary  soap bubbles be used a s  a reagent .  

considerably reduce t h e  amount of reagent required f o r  e l u t i o n .  NO r e p o r t s  

on t h e  r e s u l t s  of using t h i s  method i n  p r a c t i c e  w e r e  given. 

The use 

L e t  us examine t h e  r e s u l t s  of experimental  tests of t h e s e  p r i n c i p l e s .  - / 75 

Increas ing  t h e  a c t i o n  of e l e c t r i f i e d  d r o p l e t s  of reagents  i n  comparison 

t o  n o n e l e c t r i f i e d  ones w a s  mentioned by N. Vager [23] ,  whJ s tudied  t h e  d i s p e r s a l  

of a r t i f i c i a l  fog i n  chambers. 

E l e c t r i f i e d  drops used f o r  d i spers ing  fogs have been employed i n  labora- 

t o r y  experiments by L. Demon and M. Vadell [99, 1651. The r e s u l t s  of t h e i r  

experiments w e r e  q u a l i t a t i v e l y  t h e  same as those  obtained by N .  Vager. 

L. Demon [99] attempted t o  d i s p e r s e  fog under n a t u r a l  condi t ions by 

using h ighly  e l e c t r i f i e d  d r o p l e t s  generated by sprayers  mounted on t h e  ground 

and a l s o  t o  s c a t t e r  w a r m  cumulus clouds i n  good weather by s c a t t e r i n g  e l e c t r i -  

f i e d  d r o p l e t s  generated by sprayers  aboard an a i r c r a f t .  H i s  experiments w e r e  

n o t  successfu l .  I n  the  f i r s t  case,  as he reportls, t h e  corona discharges from 

pointed o b j e c t s ,  e x c i t e d  by the  space charge of t h e  d r o p l e t s ,  discharged them 

t o  a considerable  e x t e n t ,  which prevented the e f f e c t i v e  a c t i o n  of t h e  d r o p l e t s  

on t h e  fog. A similar phenomenon w a s  observed aboard t h e  a i r c r a f t ,  b u t  t h e  

s c a t t e r i n g  of t h e  d r o p l e t s  from t h e  a i r c r a f t  w a s  hindered by e l e c t r i c a l  forces  

which developed between t h e  a i r c r a f t  (which acquired a charge due t o  e j e c t i o n  

of a cloud of  charged d r o p l e t s )  and t h i s  cloud of drople t s .  The r e s u l t s  of 

t h e  work of L. Demon obviously m u s t  be  kept  i n  mind when organizing similar 

experiments. 
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Attempts have been made t o  d i s p e r s e  fog by p r e c i p i t a t i n g  i t  i n  an arti- 

f i c i a l l y  produced electrical f i e l d  [12], as w e l l  as by s t i m u l a t i n g  t h e  merging 

of fog  d r o p l e t s  as they move n e a r  a high-voltage w i r e  112J.- 
No information is given regarding t h e  r e s u l t s  of  tests of t h e s e  t h e o r i e s .  

There are r e p o r t s  descr ib ing  a test t o  d i s p e r s e  fog by means of a device 

c o n s i s t i n g  of a nylon n e t  mounted on a t ruck.  Apparently,  the d r o p l e t s  of fog  

s t r i k e  t h e  n e t  as t h e  vehicle moves along. The d r o p l e t s  are s t r o n g l y  electri- 

f i e d ,  and t h e  process  of e l e c t r o s t a t i c  coagulat ion begins  w i t h  subsequent 

p r e c i p i t a t i o n  of t h e  d r o p l e t s .  

W e  would l i k e  t o  mention one more method of charging cloud d r o p l e t s  i n  

o r d e r  t o  i n c r e a s e  coagulat ion,  which w a s  done i n  A u s t r a l i a .  

c a r r i e d  a long t a i l  made of w i r e s  t h a t  produced a corona which w a s  supposed 

t o  charge t h e  d r o p l e t s  w i t h  subsequent growth of t h e  l a t t e r  t o  t h e  s i z e  of 

p r e c i p i t a t i o n  p a r t i c l e s .  Unfortunately,  these  experiments w e r e  n o t  completed. 

An a i r c r a f t  

Quite  recent ly ,  using long corona-producing l ines mounted on t h e  ground, 

an attempt w a s  made t o  a l te r  t h e  coagulat ion condi t ions  by a r t i f i c i a l  charging 

of cumulus clouds [96]. Apparently, i t  w a s  expected t h a t  the e f f e c t i v e n e s s  of 

d r o p l e t s  merging i n  t h e  clouds would b e  increased ,  and t h e  p r e c i p i t a t i o n  would 

i n c r e a s e  a f t e r  t h i s .  The amount of p r e c i p i t a t i o n  t h a t  f e l l  on t h e  leeward and 

windward s i d e s  of t h e  corona-producing l i n e s  w a s  measured. No d i f f e r e n c e s  

could be found, although t h e  dis turbance i n  t h e  p o t e n t i a l  g rad ien t  o f  t h e  elec- 

t r ical  f i e l d  of t h e  atmosphere on t h e  ground w a s  measured at  a d i s t a n c e  of 

10 km on t h e  leeward s i d e  of t h e  l i n e .  Here an i n c r e a s e  i n  t h e  radar  r e f l e c -  

t i v i t y  w a s  found. The authors  of [96] suggest  t h a t  t h e  charging of t h e  d r o p l e t s  

promoted t h e i r  coagulat ion and t h e  appearance of l a r g e  d r o p l e t s  i n  t h e  clouds,  

b u t  t h e i r  premature p r e c i p i t a t i o n  stopped t h e  growth of t h e  clouds. 

/76 

Hence, w e  s t i l l  do not  have any r e l i a b l e  information on t h e  r e s u l t s  of 

t r e a t i n g  w a r m  clouds o r  fog  under n a t u r a l  condi t ions  using e lectr ical  f o r c e s ,  
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and t h e  p o s i t i v e  r e s u l t s  of the  experiments are confined t o  a series of suc- 

c e s s f u l  l a b o r a t o r y  tests. However, the p o s s i b l e  a p p l i c a t i o n  of these  methods 

i s  being subjec ted  t o  considerable  study. 

§ 2. Metho-ds o f  C h s i n g  t h e  Electrical- S t a t e  of Clouds 

Experiments on changing t h e  e l e c t r i c a l  s t a t e  of clouds have a t  l e a s t  four  

purposes. F i r s t  of a l l ,  they can b e  used t o  s tudy  t h e  physics  of t h e  cloud 

e l e c t r i f i c a t i o n  process  and the  r e l a t i o n s h i p  of t h e  e lectr ical  c h a r a c t e r i s t i c s  

of t h e  clouds t o  o t h e r  c h a r a c t e r i s t i c s .  Secondly, they n o t  only allow improved 

weather forecas t ing ,  b u t  a l s o  make it  p o s s i b l e  t o  eva lua te  t h e  condi t ions f o r  

development of r a d i o  i n t e r f e r e n c e  i n  clouds as an a i r c r a f t  o r  l igh ter - than-a i r  

v e h i c l e  i s  pass ing  through them, etc. I n  ihe  t h i r d  p l a c e ,  they can h e l p  

p r o t e c t  p a r t i c u l a r l y  s e n s i t i v e  o b j e c t s  on t h e  ground aga ins t  thunderstorms 

( f o r e s t s ,  a s p h a l t ,  l a k e s ,  reg ions  where explosions are be ing  set o f f ,  e t c . ) .  

I n  t h e  f o u r t h  p lace ,  i n  t h e  d i s t a n t  f u t u r e  they may serve f o r  removing from 

t h e  atmosphere p o l l u t i o n .  

Exis t ing  methods of changing t h e  s ta te  of clouds can b e  divided i n t o  

two classes: e l e c t r i c a l  and n o n e l e c t r i c a l .  

E lec t r ica l  methods can be subdivided i n t o  two groups: a c t i v e  and passive.  

The f irst  group c o n s i s t s  of methods i n  which e l e c t r i c a l  charges a r e  

introduced i n  some fashion;  t h e  second consists of methods i n  which t h e  

e l e c t r i c a l  l o s s e s  are a l t e r e d  i n  some fashion,  so  t h a t  a t  a given i n t e n s i t y  

the  cloud e l e c t r i f i c a t i o n  process  leads  t o  a change i n  t h e  e l e c t r i c a l  s ta te  of 

t h e  la t ter .  

It i s  a l s o  p o s s i b l e  t o  use t h i s  method of genera t ing  unipolar  cur ren ts  

by means of corona-producing e l e c t r o d e s  t o  charge clouds [96, 1671. The space 

charge which i s  produced as t h e  r e s u l t  of corona-production is c a r r i e d  i n t o  

the cloud by ascending a i r  cur ren ts .  When the apparatus  is  i n s t a l l e d  i n  the 
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mountains, t h e  space charge may b e  i n j e c t e d  d i r e c t l y  i n t o  the cloud. The 

d r o p l e t s  of t h e  cloud, which act l i k e  a f i l t e r ,  cap ture  t h e  space charge from 

t h e  incoming air. 

- I 7 7  

I n  order  t h a t  t h e  space charges from t h e  apparatus  may e n t e r  t h e  cloud, 

and t h a t  the c u r r e n t  dens i ty  charging t h e  la t ter  may b e  s u f f i c i e n t l y  g r e a t ,  

t h e  apparatus  must e i t h e r  b e  designed as t o  cover a s u f f i c i e n t l y  l a r g e  sur face ,  

o r  e r e c t  a device f o r  aiming t h e  charged stream, o r  f i n a l l y ,  t h e  equipment 

must be placed d i r e c t l y  i n  t h e  cloud. 

I n  t h e  experiments performed by t h e  Leningrad I n s t i t u t e  of Experimental 

Meteorology i n  t h e  mid-1930’s under t h e  d i rec t ion-and  wi th  t h e  par- 

t i c i p a t i o n  of s. N. Tokmachev, V. V. Bazi levich,  B. V. Kiryukhin,  V. Y a .  

Nikandrov e t  al. c201, i t  was p o s s i b l e  t o  e f f e c t i v e l y  

charge r e l a t i v e l y  l a r g e  volumes of fog, mounting t h e  corona-producing e l e c t r o d e s  

d i r e c t l y  i n  t h e  fog. 

such charging on t h e  coagulat ion of fog  d r o p l e t s .  I n  many cases, they observed 

p r e c i p i t a t i o n  of d r o p l e t s  and d i s p e r s a l  of fog wi th in  a rad ius  of 20 m from 

t h e i r  i n s t a l l a t i o n .  It is  necessary t o  mention t h e  pioneering n a t u r e  of t h i s  

work c a r r i e d  o u t  by t h e  Leningrad I n s t i t u t e  of Experimental Meteorology, both 

i n  connection w i t h  t h e  i d e a s  proposed f o r  t r e a t i n g  n a t u r a l  fogs and i n  

connection wi th  t h e  methods employed. 

The i n v e s t i g a t o r s  a l s o  observed t h e  p o s i t i v e  e f f e c t  of 

- 

The e f f e c t  of corona-producing l i n e s  on t h e  fog charging w a s  a l s o  

mentioned by J. Chalmers [14], who e s t a b l i s h e d  t h a t  fog on t h e  windward s i d e  

of a high-voltage l ine  w a s  i n t e n s i v e l y  charged, although t h e  d is tance  from 

t h e  l i n e  w a s  several ki lometers .  

Apparatus f o r  a r t i f i c i a l  charging of clouds w a s  developed by B. Vonnegut 

and C. Muir. I n  one of their experiments,  they used a w i r e  0.025 c m  i n  dia- 

meter, 7 km long,  on which they produced a charge of 25 kV. The corona- 

producing cur ren t  from t h e  w i r e  reached 1-2 mA and depended on t h e  d i r e c t i o n  
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and force of t h e  wind. A t  a d i s t a n c e  of 8 km from the l i n e ,  t h e  electrical 

f i e l d  on t h e  ground, due t o  t h e  charges generated by t h e  l i n e ,  s t i l l  had a 

s i g n  which w a s  oppos i te  t o  t h e  normal f i e l d .  

Vonnegut and Muir considered it  poss ib le  t o  use t h i s  apparatus  t o  regu- 

They la te  t h e  thunderstorm danger of a cloud by changing its i n i t i a l  charge. 

suggested t h a t  organized e l e c t r i f i c a t i o n  - i .e . ,  t h e  only process  of electri- 

f i c a t i o n  mentioned t h u s  f a r ,  a f f e c t i n g  t h e  e n t i r e  cloud as a whole - would 

begin i n  t h e  Cu and Cu cong s tages .  

known by t h e  name of t h e  convective mechanism of cloud e l e c t r i f i c a t i o n ,  w a s  

subjec ted  t o  s e r i o u s  c r i t i c i s m  a t  t h e  Third Conference on Atmospheric E l e c -  

t r i c i t y  i n  Montres [13], and a t  t h e  present  time cannot b e  considered as having 

any foundation a t  a l l .  The s t u d i e s  mentioned above which w e r e  conducted a t  

t h e  Main Phys ica l  Observatory [ 39, 831,  showed t h a t  e l e c t r i f i c a t i o n  of clouds 

a t  t h e  Cu o r  Cu cong s t a g e  had l i t t l e  inf luence  on t h e  appearance of charges 

i n  t h e  Cb s tage .  However, t h e  r e s u l t s  of t h e  experiments performed by 

Vonnegut and Muir supported t h e  p o s s i b i l i t y  of a r t i f i c i a l  e l e c t r i f i c a t i o n  of 

clouds.  

On t h e  b a s i s  of t h i s  s ta tement ,  t h e  theory,  

/78 

For a more e f f e c t i v e  t r a n s p o r t  of t h e  space charge i n t o  t h e  cloud, 

S. Colgate used an enormous polyethylene tube,  350 m long, kept  s t r a i g h t  and 

supported by a flow of charged a i r ,  which w a s  pumped i n  by a very powerful 

fan [161]. 

The charging cur ren t  of t h e  cloud which w a s  produced by t h e  experimental  

apparatus  reached 1 rnA, i . e . ,  i t  w a s  equal  t o  a "good weather" c u r r e n t ,  

flowing i n t o  an area of about 1000 km . 2 

Currents of apprec iab le  magnitude may a l s o  f l o w  into a cloud from e l e c t r o d e s  

t h a t  are r a i s e d  i n t o  t h e  cloud on capt ive  bal loons.  I n  t h i s  case, t h e  source 

powering the  e l e c t r o d e s  may be t h e  e lectr ical  f i e l d  of t h e  atmosphere. The 

cur ren t  which flows from such an apparatus  w i l l  depend both on t h e  appl ied 

vol tage  and on t h e  speed of t h e  a i r  cur ren t  blowing over t h e  e lec t rodes .  
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L e t  us look at t h e  e x i s t i n g  p a s s i v e  methods of changing t h e  e lectr ical  

state of clouds. 

G. Wakeman [168] suggested reducing t h e  electrical a c t i v i t y  of a thunder- 

s torm cloud and even prevent ing t h e  development of l i g h t n i n g  i n  i t  by increas- 

i n g  t h e  e l e c t r i c a l  l o s s e s  i n  t h e  cloud. 

a l a r g e  q u a n t i t y  of needles  b e  thrown i n t o  a cloud i n  which considerable  elec- 

t r ica l  f i e l d s  had a l ready  developed ( i n  p a r t i c u l a r ,  he wanted t o  use chaff 

and s t r a w ) .  On e n t e r i n g  a s t r o n g  f i e l d ,  the needles  begin t o  give o f f  a 

corona, which i n c r e a s e s  the electrical  conduct ivi ty  of t h e  a i r  and, therefore ,  

reduces t h e  i n t e n s i t y  of charge accumulation i n  t h e  cloud, reducing t h e  

p rob a b i l i t y  of 1 igh  t n i n  g generat ion.  

For t h i s  purpose, h e  suggested t h a t  

Ind iv idua l  sharp needles  10 cm long begin t o  give o f f  a corona i n  a 

f i e l d  wi th  a s t r e n g t h  of 2.5-30 kV/m. 
increases  t o  10 A. I n  order  t o  prevent  a thunderstorm discharge,  i t  is 

necessary,  according t o  t h e  es t imates  of H .  Kasemir [120], t h a t  t h e  cur ren t  of 

t h e  corona produced by a l l  of t h e  needles  introduced i n t o  t h e  cloud amount t o  

about 1 A. I n  t h e  opinion of Kasemir, t h i s  would r e q u i r e  t h a t  about 10 

needles  b e  thrown i n t o  a small cloud (1 needle  f o r  a volume of 10 m ). Since 

5000 needles weigh about 1 kg, i t  w i l l  be necessary t o  throw about 200 kg of  

needles  (s t raws) .  It should be mentioned t h a t  estimates of t h e  e f f e c t i v e n e s s  

of these needles used by Wakeman and Kasemir are considerably overestimated. 

I n  p a r t i c u l a r ,  they d id  n o t  take t h e  f a c t  i n t o  account t h a t  t h e  conduct ivi ty  

i n  thunderstorm clouds i s  high. For e f f e c t i v e  p r o t e c t i o n ,  a l l  of t h e  needles  

would have t o  produce (as w e  have seen)  a c u r r e n t ,  n o t  of 1 A ,  b u t  about 100 A, 

i .e . ,  one would need, no t  lo6 ,  bu t  10 

20,000 kg. I n  addi t ion ,  t h e  authors  of these  papers f a i l e d  t o  take  i n t o  

account t h e  l o s s e s  of ions  producing conduct iv i ty  during t h e i r  cap ture  by d r o p l e t s  

and t h e  r o l e  of turbulence i n  t h e  cloud, d i sp lac ing  t h e  p o s i t i v e  and negat ive  

charges generated by t h e  needles  (we should recall  t h a t  one needle  10 cm long 

is  needed f o r  a volume of about lo3 - 10 m ) ,  as w e l l  as t h e  r o l e  o f  

I n  a 70 k V / m  f i e l d ,  t h e  corona cur ren t  
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recombination of ions ,  reducing t h e  number of ions  producing conduct ivi ty .  

Therefore ,  i t  is necessary t o  i n c r e a s e  t h e  number of needles  s t i l l  f u r t h e r  and 

t h e  t o t a l  weight requi red  f o r  e f f e c t i v e  t reatment  could reach 100 tons o r  more. 

The experiments of K a s e m i r  i n  t r e a t i n g  clouds have n o t  y e t  l e d  t o  any 
d e f i n i t e  r e s u l t s  [120]. 

By producing instantaneous elongated areas above t h e  zone of high conduc- 

t i v i t y  beneath thunderstorm clouds,  it has  been p o s s i b l e  t o  produce and d i r e c t  

l i g h t n i n g  discharges along them. I n  p a r t i c u l a r ,  l i g h t n i n g  discharges have been 

observed i n  high (up t o  100 m) w a t e r  columns r a i s e d  by powerful explosions and 

i n  long w i r e s  c a r r i e d  by rockets  [73 ] .  

W e  mentioned ear l ie r  t h a t  a charged a i r c r a f t  under c e r t a i n  condi t ions 

may provoke a l i g h t n i n g  discharge i n  a cloud [2] .  

Thus f a r ,  w e  have been t a l k i n g  about clouds. But w e  cannot omit t h e  

p o s s i b i l i t y  of c leaning t h e  atmosphere of p o l l u t a n t s  by e lectr ical  means. 

Small uncharged p a r t i c l e s  of p o l l u t i o n  se t t le  on t h e  ground under t h e  f o r c e  

of grav i ty .  However, when t h e r e  i s  one elementary charge on a p a r t i c l e  mea- 

s u r i n g  10 

(normal value f o r  t h e  f i e l d  s t r e n g t h  of t h e  atmosphere a t  t h e  s u r f a c e  of t h e  

ground), t h e  r a t i o  of the  f o r c e s  of g r a v i t y  t o  t h e  e l e c t r i c a l  forces  mg/eE 

amounts t o  10 . This means t h a t  t h e  e x i s t i n g  e l e c t r i c a l  f i e l d s  might p lay  

an important r o l e  i n  p u r i f y i n g  t h e  atmosphere of contaminating i m p u r i t i e s  i n  

some fashion.  I n  dea l ing  w i t h  t h i s  problem, V. Shaeffer  [162] noted t h a t  i t  

is  p o s s i b l e  t o  s t i m u l a t e  p u r i f i c a t i o n  of t h e  atmosphere by a r t i f i c i a l l y  charg- 

i n g  i n  some fash ion  t h e  i n d u s t r i a l  n u c l e i  t h a t  e n t e r  t h e  atmosphere. Thei r  

danger ( i n  a d d i t i o n  t o  t h e  o t h e r  problems which e x i s t )  l ies  i n  overseeding 

t h e  atmosphere w i t h  condensation n u c l e i ,  which consequently may l e a d  t o  t h e  

appearance of drought. 

-6 
cm,  l o c a t e d  i n  an e lectr ical  f i e l d  w i t h  an i n t e n s i t y  of E = 1 V / c m  

-3 
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Nonelectric-al- methods. The r e l a t i o n s h i p  between e lectr ical  and o t h e r  pro- 

cesses i n  clouds has made i t  p o s s i b l e  t o  change t h e  e lectr ical  s ta te  of clouds 

by t r e a t i n g  them wi th  c e r t a i n  reagents  such as carbon d ioxide ,  s u r f a c t a n c s ,  sub- 

s t a n c e s  which are s i m i l a r  t o  ice,  etc. I f  p r e c i p i t a t i o n  f a l l s  as t h e  r e s u l t  of 

t h i s  t rea tment ,  t h e  e lectr ical  c h a r a c t e r i s t i c s  of t h e  clouds w i l l  be  more pro- 

nounced, but  i f  t h e  cloud breaks up a f t e r  being subjec ted  t o  t h i s  t rea tment ,  

t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  clouds w i l l  become less pronounced. 

For example, l e t  us look at  Figure 3.1, i n  which w e  have shown t h e  

change i n  t h e  e l e c t r i c a l  f i e l d  of a cumulus congestus cloud a f t e r  t reatment  

wi th  s e v e r a l  kg of s o l i d  carbon dioxide [ 4 0 ] .  As w e  can see, only a few 

minutes a f t e r  t h i s ,  t h e  process of organized e l e c t r i f i c a t i o n  has  begun i n  t h e  

cloud, coinciding i n  t i m e  wi th  the  development of l a r g e  d r o p l e t s  i n  t h e  cloud. 
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Figure 3 . 2  shows t h e  r e s u l t s  of 

measuring t h e  p o t e n t i a l  g rad ien t  of an 

electrical  f i e l d  i n  t h e  atmosphere i n  

t h e  v i c i n i t y  of a cumulus cangestus 

cloud b e f o r e  and a f t e r  t reatment  w i t h  

iod ine  compounds of l e a d  and s i lver  i n  

a pyro technica l  composition, which 

l e d  t o  p r e c i p i t a t i o n  [83]. Organized 

e l e c t r i f i c a t i o n  took p lace  1 4  minutes 

Figure 3.1. P o t e n t i a l  g rad ien t  E of a f t e r  t h e  seeding.  
an e l e c t r i c a l  f i e l d  
ges tus  cloud before  
and a f t e r  t reatment  

i n  cumulus con- 
t reatment  (a) 
(b) I n  1969, t h e  problem of c o n t r o l l i n g  

t h e  thunderstorm danger of clouds w a s  

considered by Stow [155]. 
excessive seeding with ice-forming 

H e  f e e l s  t h a t  

reagents  i n  l a r g e  convective clouds,  which are i n  a development s t a g e  preceding 

t h e  s t a g e  of matur i ty ,  may prevent o r  reduce t h e  e lectr ical  a c t i v i t y  of t h e  

cloud f o r  t h e  following reasons: f i r s t  of a l l ,  t h e  convective c u r r e n t s  which 
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20 f i e l d  of the atmosphere a f t e r  

t r e a t i n g  Cu cong. A r e a  of 
inf luence:  125 km SE of T a l l i n ,  
14  August 1969; f l i g h t  a l t i t u d e  
4.7 km, a i rspeed  approximately 240 

t', 
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a r e  caused by t h e  l i b e r a t i o n  of l a t e n t  h e a t  during f r e e z i n g  of t h e  supercooled 

d r o p l e t s  may cause t h e  appearance of turbulence,  as t h e  r e s u l t  of which f r e s h  

cold batches of a i r  w i l l  e n t e r  t h e  cloud and prevent i t s  growth, and consequently 

w i l l  prevent t h e  change of the  cumulus congestus cloud i n t o  a thunderstorm 

cloud. 

supercooled water  i n  t h e  cloud, which w i l l  reduce t h e  e f f e c t i v e n e s s  of one of 

t h e  p r i n c i p a l  ( i n  t h e  au thor ' s  opinion) mechanisms f o r  t h e  formation of thun- 

derstorm e l e c t r i c i t y  - e l e c t r i f i c a t i o n  caused by t h e  c o l l i s i o n  of ice c r y s t a l s  

wi th  h a i l .  I n  t h e  t h i r d  p l a c e ,  t h e  s i z e  of t h e  p a r t i c l e s  is reduced, and SO 

is  t h e i r  d i spers ion  i n  t h e  cloud. 

b i l i t y  of f r e e z i n g  d r o p l e t s  exploding, and thereby reduce t h e  e f f e c t i v e n e s s  of 

t h e  t reatment ,  accompanying the d r o p l e t  e l e c t r i f i c a t i o n  m e c h a n i s m .  On t h e  o t h e r  

hand, i t  w i l l  reduce t h e  p r o b a b i l i t y  of c o l l i s i o n  of cloud p a r t i c l e s  due t o  

which t h e  induct ion  mechanism of e l e c t r i f i c a t i o n  w i l l  be  impeded. 

Secondly, excessive seeding leads  t o  a sharp decrease i n  t h e  amount of 

On t h e  one hand, t h i s  w i l l  reduce t h e  proba- 
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In this system of t r e a t i n g  clouds that are l i k e l y  t o  t u r n  i n t o  thunder - /81 

clouds,  r e g a r d l e s s  o f  t h e  apparent e f fec t iveness ,  there are still  a number of  

weak poin ts .  

cloud is in  danger of t u r n i n g  i n t o  a thunderstorm cloud, and i t  is p r a c t i c a l l y  

impossible  t o  treat a l l  "suspicious" clouds t h a t  might t u r n  i n t o  thunderstorms. 

Secondly, clouds which are i n  the s t a g e  of t r a n s i t i o n  from Cu cong t o  Cb are 

u s u a l l y  p a r t  of such a powerful developing system t h a t  it is  very  problematical  

as t o  whether it is p o s s i b l e  t o  a r t i f i c i a l l y  change t h e  dynamics of cloud devel- 

opment by such measures. 

mulated r a p i d l y  may n u l l i f y  t h e  i n h i b i t i o n  of cloud development produced by t h e  

methods of Stow. 

congestus clouds r e q u i r e  f u r t h e r  t h e o r e t i c a l  t reatment .  

F i r s t  of a l l ,  t h e r e  are no cr i ter ia  f o r  determining whether a 

New q u a n t i t i e s  of h e a t  and moisture  which are accu- 

Problems of r e g u l a t i n g  t h e  thunderstorm danger of cumulus 

The experiments of L. Bat tan [ 9 4 ] ,  i n  which t h e  i d e a  of  seeding convective 

clouds with s i l v e r  i o d i d e  w a s  employed, d i d  n o t  lead  t o  any d e f i n i t e  r e s u l t s .  

Another group of methods f o r  r e g u l a t i n g  t h e  electrical  s ta te  of clouds 

i s  based on a change i n  t h e  e f f e c t i v e n e s s  of e l e c t r i f i c a t i o n  of cloud p a r t i c l e s  

and p r e c i p i t a t i o n  p a r t i c l e s .  If e l e c t r i f i c a t i o n  depends t o  a l a r g e  degree 

on t h e  p h y s i c a l  and chemical composition of t h e  p a r t i c l e s ,  n e g l i g i b l e  changes 

i n  t h e  composition of t h e  p a r t i c l e s  o r  t h e  condi t ion of t h e i r  s u r f a c e s  may /82 
have a considerable  i n f l u e n c e  on cloud e l e c t r i c i t y .  

Thus, one of t h e  powerful e l e c t r i f i c a t i o n  mechanisms, as w e  pointed out  

i n  Chapter 11, is  t h e  generat ion of charges during f r e e z i n g  of  w a t e r  ( t h e  

Workman-Reynolds mechanism, which takes  place during t h e  explosion of f r e e z i n g  

supercooled drople t s ,  i n  t h e  s e p a r a t i o n  of water from melt ing h a i l ,  e t c . ) .  

Usually,  regard less  of t h e  type of impurity contained i n  t h e  w a t e r ,  t h i s  kind 

of separa t ion  m e a n s  t h a t  t h e  ice  p a r t i c l e s  are charged negat ive ly ,  and water 

p a r t i c l e s  are charged p o s i t i v e l y .  

e f f e c t .  E. Workman [ 2 7 ]  sugges ts  t h a t ,  by adding ammonium t o  t h e  cloud, t h e  

s i g n  of t h e  cloud d ipole  could be reversed. It is obvious t h a t  by choosing 

Only one impuri ty  (ammonium) has  t h e  opposi te  
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t h e  appropr ia te  q u a n t i t y  of ammonia one could t r y  t o  achieve t h e  absence of 

appreciable  e lec t r ica l  f i e l d s  i n  a cumulonimbus cloud. It would then be neces- 

s a r y  t o  s o l v e  the very d i f f i c u l t  problem of mixing the reagent  material  wi th  

t h e  cloud w a t e r ,  and i n  t h e  c o r r e c t l y  s e l e c t e d  proport ions.  

I n  a similar fash ion ,  one could t r y  t o  change t h e  e l e c t r i f i c a t i o n  

condi t ions  of clouds ( a s  proposed by L. G. Kachurin e t  a l .  [ 5 5 ] )  by t r e a t i n g  

t h e  chemical composition of t h e  d r o p l e t s  i n  t h e  zone where they can explode 

when supercooled. According t o  t h e  d a t a  i n  t h i s  paper,  e l e c t r i f i c a t i o n  of 

exploding d r o p l e t s  depends t o  a l a r g e  e x t e n t  on t h e  pH of t h e  w a t e r ;  i t  decreases  

with devia t ion  of t h e  pH t o  e i t h e r  s i d e  from c e r t a i n  optimum values.  Consequently, 

in t roduct ion  of a c i d s  o r  a l k a l i s  (when t h e  process i n  quest ion i s  active enough) 

could change t h e  e lectr ical  state of t h e  cloud i f ,  of course,  i t  i s  known how 

t o  add t h e  necessary substances t o  t h e  drops. The q u a n t i t y  required f o r  t h e  

cloud w i l l  n o t  exceed t e n s  of kilograms. I n  any case,  experiments of t h i s  

kind w i l l  make i t  p o s s i b l e  t o  determine whether o r  n o t  t h i s  mechanism does i n  

f a c t  play an important r o l e  i n  t h e  e l e c t r i f i c a t i o n  of clouds.  It is  l i k e l y  

t h a t  t h i s  kind of r e l a t i o n s h i p  i s  a l s o  v a l i d  f o r  the  e f f e c t  of conduct ivi ty  of 

f r e e z i n g  water;  i t s  reduct ion  o r  increase ,  r e l a t i v e  t o  c e r t a i n  optimum values ,  

may a l s o  lead t o  a decrease i n  t h e  e l e c t r i f i c a t i o n  of t h e  exploding drople t s .  

In t roduct ion  of s u r f a c t a n t s  i n t o  a cloud can a l s o  change t h e  i n t e n s i t y  of 

t h e  e l e c t r i f i c a t i o n  process ,  although the  s i g n  of such a change i s  d i f f i c u l t  

t o  guess i n  advance. 

Table 3.5 shows suggested methods of a c t i v e  t reatment  of t h e  e l e c t r i c a l  

s ta te  of clouds,  which we have gathered from t h e  d a t a  and t h e  l i t e r a t u r e .  

I n  concluding t h i s  survey of i d e a s  on c o n t r o l l i n g  t h e  electrical  a c t i v i t y  

of clouds and a c t i v e l y  i n f l u e n c i n g  clouds using e lectr ical  f o r c e s ,  w e  must 

stress t h e  relative abundance of i d e a s  i n  t h i s  area, and t h e  almost complete 

absence of t h e i r  t e c h n i c a l  implementation. A t  t h e  present  t i m e ,  when many 
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TABLE 3.5 

electrical  s t a t e  
of clouds 

/ '  

t 
I 

Methods Methods changing 
e l e c t r i c a l  s tate 
elect r i  cal l y  

Methods changing 
i n t e n s i t y  of 
e l e c t r i f i c a t i o n  

L. 

ion iza t ion ,  
a r t i f i c i a l  t r igger -  

Ef fec t  on 
f a l l  of e l e c t r i f i c a t i o n  dischar es by changing 

proper t ies  of 
p a r t i c l e s  

i Charging of 
j p a r t i c l e s  of Change i n  pE ,Change i n  

(ice-water) *' chemical 
p o t e n t i a l  , 

5 

Sal t s ,  ac ids ,  i Adding ammonia 
(ice-water) 



o t h e r  problems of  a c t i v e l y  inf luenc ing  n a t u r e  have n o t  been solved,  active 

t reatments  have n o t  been included i n  the a r s e n a l  of  ord inary  t e c h n i c a l  a v a i l a b l e  

means, and man is genera l ly  adapt ing himself t o  the weather r a t h e r  than chang- 

i n g  i t ,  t h e s e  gaps are not very n o t i c e a b l e  and sometimes appear unimportant 

aga ins t  the background of the tremendous technical achievements made i n  recent  

years.  However, i n  a s h o r t  t i m e ,  act ively inf luenc ing  n a t u r e  w i l l  become 

v i t a l l y  necessary.  

However, t h e  q u a n t i t y  of materials be ing  discharged by m a n  i n t o  the 

atmosphere is i n c r e a s i n g  ominously. A l k a l i s  and a c i d s ,  sa l t s  and organic  com- 

pounds are becoming i n c r e a s i n g l y  frequent  and i n c r e a s i n g l y  abundant i n  t h e  

water of clouds. 

g i b l e  q u a n t i t y  of chemical i m p u r i t i e s ,  thunderstorm c h a r t s  may change s i g n i f i -  

can t ly  i n  connection w i t h  i n d u s t r i a l  a c t i v i t y .  P r e d i c t i o n  of t h e s e  changes 

and regula t ion  of them should b e  regarded as urgent tasks .  

i d e a s  and methods must be devised i n  t h e  labora tory  t o  h e l p  s o l v e  new problems 

of a c t i v e l y  i n f l u e n c i n g  and r e g u l a t i n g  t h e  consequences of i n d u s t r i a l  a c t i v i t y  

An important r o l e  i n  t h i s  regard is played by methods of r e g u l a t i n g  cloud 

e l e c t r i c i t y  and electrical  methods of in f luenc ing  clouds.  

I f  the e l e c t r i f i c a t i o n  of clouds r e a l l y  depends on a negl i -  

Arz a r s e n a l  of 

CONCLUS I ON S 

Data obtained r e c e n t l y ,  presented i n  a b r i e f  and c a t e g o r i c a l  way which i s  

n e c e s s i t a t e d  by a s h o r t  survey, have permit ted some progress  t o  b e  made i n  

so lv ing  t h e  problems mentioned i n  t h e  foreword. A s  is u s u a l l y  t h e  case, t h e  

i n c r e a s e  i n  knowledge has  made it poss ib le  t o  d e v i a t e  from many schematic 

representa t ions ,  t h e  main advantage of which has  been s i m p l i c i t y .  The frame- 

work of our e f f o r t s  has  been t o  l i m i t  ourselves  only t o  c e r t a i n  problems which 

touch d i r e c t l y  on problems of atmospheric e l e c t r i c i t y  and t h e  r e l a t i o n s h i p  

between meteorological  processes  i n  clouds and t h e i r  a tmospher ic -e lec t r ica l  

c h a r a c t e r i s t i c s .  
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I n  many cases, s t u d i e s  have l e d  t o  apparent ly  paradoxical  r e s u l t s .  It 

w a s  unexpected that a l l  forms of clouds are generators  of e l e c t r i c i t y .  

thunderstorm clouds,  occupying l a r g e  areas, may make a s i g n i f i c a n t  cont r ibu t ion  

on t h e  whole to  t h e  product ion of an electrical  f i e l d  i n  t h e  atmosphere. 

w a s  a l s o  unexpected t h a t  t h e  average c u r r e n t s  flowing over  thunderstorm clouds 

would d i f f e r  by one o r d e r  of magnitude i n  d i f f e r e n t  regions.  

t h a t  t h e  c a l c u l a t i o n s  of t h e  c u r r e n t  balance f o r  t h e  entire e a r t h ,  according 

t o  Wilson's system, obtained from d a t a  by 0. Gish, and J. White, C. S t u r g i s ,  

etc. ,  w e r e  based on t h e  i d e a  t h a t  t h e  cur ren t  from a s i n g l e  thunderstorm is 

about 0.5-1 A. Even w i t h  t h i s  assumption, i t  w a s  found t h a t  t h e  cur ren t  i n  

thunderstorms is s c a r c e l y  adequate t o  compensate f o r  "good weather" cur ren ts .  

According t o  t h e  r e s u l t s  of our  s t u d i e s ,  c a r r i e d  o u t  i n  t h e  middle l a t i t u d e s ,  

t h e  cur ren t  i n  a thunderstorm amounts t o  about 0.1-0.2 A i n  a l l .  It i s  

obvious t h a t ,  f o r  a c o r r e c t  p resenta t ion  of t h e  cur ren t  balance,  i t  is neces- 

s a r y  t o  know t h e  thunderstorm characteristics i n  var ious  physical-geographic 

regions.  It is  most l i k e l y  that the e f f e c t  of the underlying s u r f a c e  ( for  

example, var ious t e r r i t o r i e s  and aquator ia )  in t roduces  as much d i v e r s i t y  i n t o  

thunderstorm a c t i v i t y  as does t h e  change i n  l a t i t u d e .  Hence, during t h e  coming 

atmospheric electrical  decade, we must so lve ,  f i r s t  of a l l ,  t h e  problem of 

generat ion of e l e c t r i c i t y  by clouds of a l l  types i n  var ious  phys ica l  and geo- 

graphica l  regions.  This  problem may b e  solved through ex tens ive  i n t e r n a t i o n a l  

cooperation. 

Non- 

It 

L e t  us recall  

185 

It is  necessary t o  change s i g n i f i c a n t l y  t h e  i d e a s  of  i n v e s t i g a t o r s  

regarding t h e  e l e c t r i f i c a t i o n  mechanisms i n  clouds i n  connection wi th  t h e  

c l a r i f i c a t i o n  of t h e  mechanism f o r  charge generat ion i n  s t r a t i f o r m  clouds,  

which i s  unre la ted  t o  the capture  of a i r  i o n s ,  and i n  conjunct ion with t h e  

observed e f f e c t  of c o l o s s a l  e l e c t r i c a l  l o s s e s  i n  thunderstorm clouds due t o  

t h e  unexpectedly high e f f e c t i v e  conduct ivi ty  i n  them. Hence, several elemen- 

t a r y  e l e c t r i f i c a t i o n  processes ,  whose a c t i o n  has  u s u a l l y  been used t o  expla in  

thunderstorm e l e c t r i c i t y ,  are not  e f f e c t i v e  enough t o  produce t h e  processes 

t h a t  take p l a c e  i n  t h u n d e r s t o m .  It is  necessary t o  examine a number of 

10 8 



i deas  involved i n  atmospheric e l e c t r i c i t y  and t h e  ex i s t ence  o f  both  p o s i t i v e  

and negat ive  p o l a r i z a t i o n  of a l l  types of clouds. Ideas  regarding the  impor- 

tant r o l e  of f l u c t u a t i o n s  (both electrical and otherwise)  are v i t a l  f o r  an 

understanding of cloud evolu t ion .  

I n  concluding t h i s  survey, w e  would l i k e  t o  mention t h a t  we have t r i e d  

t o  set f o r t h  only the  b a s i c  f a c t s  which are of i n t e r e s t  f o r  s tudying t h e  prob- 

lems of t h e  r e l a t i o n s h i p  between e l e c t r i c a l  and n o n e l e c t r i c a l  c h a r a c t e r i s t i c s  

of clouds,  paying s p e c i a l  a t t e n t i o n  t o  the  e l e c t r i c a l  s t r u c t u r e s  of clouds. 

W e  have i n t e n t i o n a l l y  omit ted c e r t a i n  quest ions involv ing  i n t e r p r e t a t i o n  of 

phenomena, s i n c e  t h e  in t roduc t ion  of a d iscuss ion  would have considerably 

complicated t h e  p re sen ta t ion  of t he  b a s i c  conten ts  of t h e  work, and would have 

considerably increased  its scope. I n  those works, which have been c i t e d  i n  

t h i s  survey, t h e  reader  w i l l  f i n d  the  viewpoints of var ious  authors  concerning 

the  problems discussed.  

a p resen ta t ion  of t h e  r e s u l t s  of discuss ions .  W e  f e e l  t h a t  i n  t h i s  form t he  

work can be viewed as an i n t roduc t ion  t o  t h e  problems mentioned earlier,  and 

w e  hope t h a t  it w i l l  t u r n  out  t o  be va luable  f o r  researchers  on cloud physics .  

I n  many cases ,  however, w e  have l i m i t e d  ourse lves  t o  
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